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ABSTRACT

A maximume-likelihood output-error parameter estimation technique has been used to obtain stability
and control derivatives for the NASA F-18B Systems Research Aircraft. This work has been performed
to support flight testing of the active aeroelastic wing (AAW) F-18A project. The goal of this research is
to obtain baseline F-18 stability and control derivatives that will form the foundation of the aerodynamic
model for the AAW aircraft configuration. Flight data have been obtained at Mach numbers from 0.85 to
1.30 and at dynamic pressures ranging from 600 to 150C Itieach test condition, longitudinal and
lateral-directional doublets have been performed using an automated onboard excitation system. The
doublet maneuver consists of a series of single-surface inputs so that individual control-surface motions
cannot be correlated with other control-surface motions. Flight test results have shown that several
stability and control derivatives are significantly different than prescribed by the F-18B aerodynamic
model. This report defines the parameter estimation technique used, presents stability and control
derivative results, compares the results with predictions based on the current F-18B aerodynamic model,
and shows improvements to the nonlinear simulation using updated derivatives from this research.

NOMENCLATURE
Acronyms
AAW active aeroelastic wing
BL butt line, in.
CG center of gravity, perceiat
CPT control-surface position transducer
FADS flush airdata sensing
FCS flight control system
FS fuselage station, in.
HM hinge moment, in-Ibf
LEF leading-edge flap
OBES onboard excitation system
PID parameter identification
RFCS research flight control system
RVDT rotary variable differential transformer
SRA Systems Research Aircraft
SSI single-surface input
TEF trailing-edge flap

WL water line, in.



Symbols

Q
S

Q
X

° L

S4LEF

I
S4TEF

pd

OO0 000000000
Z 3 3

P

normal acceleration (positive up), ft/éec

longitudinal acceleration (positive forward), ft/éec

lateral acceleration (positive toward the right), ftfsec

wing span, 37.42 ft

measurement bias

mean aerodynamic chord, 11.52 ft

rolling-moment coefficient

rolling-moment coefficient bias, linear extrapolatioric= 0°

~Yad

~Lad

rolling-moment coefficient due to nondimensional roll r&€,/9(pb/2VR)
rolling-moment coefficient due to nondimensional yaw ra@,/d(rb/2VR)
, dtg

rolling-moment coefficient due to aileron deflecti@@, /9o,

rolling-moment coefficient due to sidesli@C,/ a3

,deg

rolling-moment coefficient due to differential stabilator deflecti®@,/ 03, :
deg?

,deg

deg

rolling-moment coefficient due to differential LEF deflectia€,/ 90, g
rolling-moment coefficient due to differential TEF deflectio,/ 9041
rolling-moment coefficient due to rudder deflectio, /99, ,deg

pitching-moment coefficient

pitching-moment coefficient bias, linear extrapolatiomte- 0°

pitching-moment coefficient due to nondimensional pitch @@,/ 0(qc/ 2VR) ~Lrad
pitching-moment coefficient due to angle of attag@k, /da ~deg
pitching-moment coefficient due to elevator deflecti@@, /93, ~deg

THeg
Tldeg

Tteg

pitching-moment coefficient due to symmetric LEF deflect®@, /090, g
pitching-moment coefficient due to symmetric aileron deflec®), /00,
pitching-moment coefficient due to symmetric TEF deflectdd, /00
normal-force coefficient

normal-force coefficient bias, linear extrapolatiorotc= 0°

normal-force coefficient due to nondimensional pitch ra€,;/0(qc/ 2VR) :

rad!



normal-force coefficient due to angle of attadis, / da ,‘&eg

normal-force coefficient due to elevator deflectio, /99, deg

normal-force coefficient due to symmetric LEF deflectidfy/ 00, ¢ ~deg
normal-force coefficient due to symmetric aileron deflectad,;/ 99, Tteg
normal-force coefficient due to symmetric TEF deflecti®@y/ 00+ ~Ueg

yawing-moment coefficient

yawing-moment coefficient bias, linear extrapolatiofste= 0°

yawing-moment coefficient due to nondimensional roll rat,/d(pb/2VR)
rad™?

yawing-moment coefficient due to nondimensional yaw @&,/ d(rb/2VR)
rad?

yawing-moment coefficient due to sideslg /9B deg

yawing-moment coefficient due to aileron deflectiog,,/ 9, deg

yawing-moment coefficient due to differential stabilator deflectf®,/ 09y,

degl
yawing-moment coefficient due to differential LEF deflectiaf, /90, ¢ ,‘&Ieg
yawing-moment coefficient due to differential TEF deflectio@,,/ 90,1 ~deg
yawing-moment coefficient due to rudder deflectia@, /09, “deg

side-force coefficient

side-force coefficient bias, linear extrapolatiorfitc= 0°

side-force coefficient due to nondimensional roll ra&€,,/0(pb/2VR) “rad
side-force coefficient due to nondimensional yaw ra@,/d(rb/2VR) ~Irad
side-force coefficient due to sidesl@C, /0B dbg

side-force coefficient due to aileron deflectioiG, /00, ,deg

side-force coefficient due to differential stabilator deflect®@, /99, ~Heg

side-force coefficient due to differential LEF deflectioy /00y, g ,‘&eg
side-force coefficient due to differential TEF deflectioy,/ 00 ,‘&eg
side-force coefficient due to rudder deflectioG, /90, deg

state derivative function

response function



J(&)
Left

LI
LO

A o o

Right
RI
RO

acceleration of gravity, 32.174 ft/Sec
roll moment of inertia, slug-4t

pitch moment of inertia, slug4t

yaw moment of inertia, slug4t

cross product of inertia, sluggft

cost function

left wing control surface

left wing inboard control surface

left wing outboard control surface
Mach number

aircraft mass, slug

number of time history points used in the pEst analysis
number of response variables used in the pEst analysis
roll rate, deg/sec

roll acceleration, deg/séc

pitch rate, deg/sec

dynamic pressure, Ibffit

pitch acceleration, deg/§ec
conversion factor, 57.2958 deg/rad
right wing control surface

right wing inboard control surface
left wing outboard control surface
yaw rate, deg/sec

yaw acceleration, deg/sec

wing area, 400 %

time, sec

discrete time point at" data point
initial time

control input vector

true airspeed, ft/sec



%) -
Q

CD'CDM_{O’IO‘IO‘IO‘IO‘I
m
M

response weighting matrix used in the cost function

longitudinal body axis (positive forward)
state vector

time derivative of state vector

normal accelerometer position aft, right, and aboveCBeft

lateral accelerometer position aft, right, and aboveCtBgft

angle-of-attack sensor position aft of b€, ft

angle-of-sideslip sensor position aft and aboveQGeft

lateral body axis (positive right)

vertical body axis (positive down)

response vector (measurement vector)
computed response vector

angle of attack, deg

time derivative of angle of attack, deg/sec
angle of sideslip, deg

time derivative of angle of sideslip, deg/sec
increment

control-surface deflection, deg

aileron deflection, deg

differential horizontal stabilator deflection, deg
differential leading-edge flap deflection, deg
differential trailing-edge flap deflection, deg
elevator (symmetric stabilator) deflection, deg
symmetric leading-edge flap deflection, deg
rudder deflection, deg

symmetric aileron deflection, deg

symmetric trailing-edge flap deflection, deg
stability and control derivative parameter vector
pitch angle, deg

time derivative of pitch angle, deg/sec



roll angle, deg
time derivative of roll angle, deg/sec
* transpose

~ denotes estimated response parameter

INTRODUCTION

The NASA Dryden Flight Research Center (Edwards, California) is currently preparing for the active
aeroelastic wing (AAW) flight project. The AAW technology integrates vehicle aerodynamics, active
controls, and structural aeroelastic behavior to maximize vehicle performance. In particular, a goal of the
project is to maximize the contribution of a reduced-stiffness wing to roll-rate performance. To
demonstrate this technology, changes to flight control laws are required to take full advantage of the more
flexible wing. A good understanding of the basic F-18 individual control-surface effectivenesses is
considered essential for developing the AAW control laws.

Two primary reasons exist for uncertainty as to whether or not the basic F-18 aerodynamic model is
accurate enough for AAW control-law development. First, the existing F-18 aerodynamic daisbase
not a product of extensive parameter identification (PID) flight testing in the high—dynamic pressure
flight envelope of interest. Second, the AAW control laws require deflecting the control surfaces in ways
never before done on the F-18 airplane. For example, the existing database does not include data fromn
symmetric leading-edge flap (LEF) and symmetric trailing-edge flap (TEF) deflections at high speeds
and low angles of attack because symmetric flap deflections currently are not used at these flight
conditions by the standard flight control system (FCS). In the AAW control laws, some symmetric flap
deflection is anticipated to be required at high speeds to meet structural load constraints. For these two
reasons, a flight research program was desired to obtain individual control-surface effectiveness values at
high-speed test conditions using surface deflections that often are outside of the normal F-18 usage.

The NASA Dryden F-18B Systems Research Aircraft (SRA) (figs. 1-2) has been used to obtain basic
F-18 stability and control derivatives at the high—dynamic pressure test conditions of the AAW program
(fig. 3) to improve the fidelity of the basic aircraft aerodynamic model. The AAW project will use a
single-place F-18A airplane, whereas the SRA is a two-place F-18B airplane. The difference in outer
mold line between the “A” and “B” models is the canopy extension required to accommodate the second
cockpit position in the “B” model (fig. 4). The aerodynamic model contains separate aerodynamic
coefficient data tables for the “A” and “B” models. Small differences exist in the basic “A” and “B”
aerodynamic models. Typically, these differences consist of small constant biases across the Mach range
in the stability and control derivatives that were determined by linearizing the aerodynamic models.

The use of the F-18B aircraft is considered acceptable for this work because the outer mold line only
differs at the canopy section of the fuselage, and this research is to find increments between the
flight-estimated stability and control derivatives and the aerodynamic model derivatives. These
increments can be applied to either the F-18A or F-18B aerodynamic model because the control surfaces
are identical and the fuselage differences are included in the baseline aerodynamic models.

"Naval Air Warfare Center (Patuxent River, Maryland) Common Database, version 3.1, May 22, 1997.



The AAW vehicle aerodynamic model will use the improved aerodynamic model from the SRA PID
tests as a starting point. Aerodynamic model increments caused by wing flexibility can be obtained from
analytical techniques and then added to the model for the AAW vehicle control-law development, which
will result in improved AAW flight simulations and more efficient and safer AAW flight testing than is
possible using current aerodynamic models.

Flight data presented in this report have been obtained at Mach numbers from 0.85 to 1.30 and at
dynamic pressures ranging from 600 to 1500 fbfAit each test condition, both longitudinal and lateral-
directional doublets were performed using an automated onboard excitation system (OBES). The doublet
maneuver consisted of a series of single-surface inputs (SSIs) so that individual control-surface motions
would have low correlation with other control-surface motions. This report defines the maximum-
likelihood output-error parameter estimation technique used (refs. 1-2), describes the flight test
approach, presents stability and control derivative results, compares the results with predictions based or
the current F-18B aerodynamic model, and compares aircraft responses obtained from flight data with
responses obtained from the nonlinear simulation using updated derivatives from this research.

VEHICLE DESCRIPTION

The test aircraft is the first full-scale development, or preproduction, F-18B built by the McDonnell
Douglas Corporation (St. Louis, Missouri), which since has been acquired by The Boeing Corporation,
and Northrop Grumman Corporation (Los Angeles, California). This two-place aircraft is powered by
two General Electric (Lynn, Massachusetts) F404-GE-400 afterburning engines, rated at approximately
16,000-Ibf static thrust at sea level. The aircraft features a midwing configuration with a wing-root
leading-edge extension that extends from the forward portion of the fuselage and blends into the wing.
Flown by NASA Dryden, this particular F-18B airplane is known as the SRA and is highly instrumented
for research purposes. Figure 2 shows a three-view drawing of the SRA and its major physical
characteristics. Table 1 shows the reference area and lengths used in nondimensionalizing forces anc
moments.

Table 1. F-18B reference dimensions.

Wing area 400.00f8
Mean aerodynamic chord)( 11.52 ft
Wing span 37.42 ft
FS 458.56
Moment reference at 0.25 WL 100.00
BL 0.00
Leading edge of FS423.99




Control Surfaces

Although the SRA is a preproduction F-18B airplane, the left outboard wing panel was changed in a
previous program to a production wing panel. The major difference between the production and
preproduction outboard wing panel is that the production aileron has approximately 1.7-percent more
surface area than the preproduction aileron. The aileron actuator fairing on the lower surface of the
outboard wing panel also was modified for a previous SRA project. The aileron actuators on both wings
are identical; however, the fairings are different (fig. 5).

The SRA has five pairs of control surfaces (fig. 2): stabilators, rudders, ailerons, LEFs, and TEFs.
Twin vertical tails, each with trailing-edge rudders, are canted outboard approximately 20° from the
vertical axis. Conventional pitch control is provided by the symmetric deflection of the all-movable
horizontal stabilators, symmetric LEFs, and symmetric TEFs. The LEF consists of separate inboard and
outboard LEF surfaces that are controlled by the same actuator and are therefore considered to be a sing|
surface in this report. This feature is different than the future AAW aircraft, which will be able to
independently actuate inboard and outboard LEF surfaces. Roll control uses aileron defégction (),
differential horizontal stabilator deflection (,, ), differential LEF deflectiop, ), and differential
TEF deflection § 1 ). Directional control is provided by rudder deflectidn () and a rudder-to-
aileron interconnect. In addition, the FCS augments lateral-directional control with an aileron-to-rudder
interconnect. Symmetric aileron droop and rudder toe-in are employed only in the power-approach
configuration. A speed brake is located on the upper aft fuselage, between the vertical stabilizers, but was
not used in this research program. Table 2 shows the maximum control-surface position and rate limits
for the SRA, which are identical for both the SRA and the basic F-18A or F-18B aircratft.

Table 2. F-18 aerodynamic control-surface
position and rate limits.

Position limit, Rate limit,

Surface deg deg/sec

Stabilator:

Trailing edge up 24.0 40

Trailing edge down 10.5 40
Aileron:

Trailing edge up 24.0 100

Trailing edge down 45.0 100
Rudder:

Trailing edge left 30.0 82

Trailing edge right 30.0 82
TEF:

Up 8.0 18

Down 45.0 18
LEF:

Up 3.0 15

Down 33.0 15
Speed brake:

Trailing edge up 60.0 20-30




Note that although the inboard and outboard LEFs are controlled by the same actuator, they
experience different deflections because of twisting and bending of the wing structure under aerodynamic
loading. Given the constraint of a single actuator, independently deflecting inboard and outboard surfaces
to thereby obtain individual control-surface effectiveness values was not possible.

Consequently, an approach was developed to combine the inboard and outboard measurements intc
one effective LEF deflection. This approach used flap surface area ratios for obtaining an effective
symmetric deflection. Each inboard LEF contributed 36.5 percent of the total LEF area, and each
outboard LEF contributed 13.5 percent of the total LEF area. A similar but more complex approach was
used to obtain an effective differential LEF deflection between left and right wings. This approach
included taking the ratio of the product of wing panel areas and moment arms for the inboard and
outboard wing panels, which resulted in defining an effective differential LEF deflection that included
28.6 percent of the outboard LEF deflection values and 71.4 percent of the inboard LEF deflection
values.

The definitions of control-surface deflections are shown in the following equations:

Symmetric deflections:

S er = 0.13X0 gp  * O gr, ) ¥ 0360 g  * O EF, )

Orep = 0'5(5TEFLeft+6TEFRight)
5.. = 05(5. +5. )

sa Aeft  ARight

)

+0
€left  CRight

0

e

0.5(3

Differential deflections:

0

r

055 +35 )

Meft  TRight
OqLEF = 0-286(5|_EFRO_5LEFLO) +O-714(5LEFR,_5LEFLI)

o =93 )
dTEF TEFLeft TEFRight
o, = )
a Aeft  Right
Oy = -5
dh € eft  CRight

Figure 6 (ref. 3) shows the symmetric LEF and TEF deflections used by the basic F-18 FCS. For the
majority of the high-speed and low-angle-of-attack flight conditions investigated in this report, the basic
FCS commanded 0° symmetric LEF and TEF deflection. Similarly, for all test conditions investigated in
this report, the basic FCS commanded 0° symmetric aileron because symmetric aileron is only used in the
low-speed power-approach configuration. For the research presented in this report, symmetrically
deflecting the LEF, TEF, and ailerons at flight speeds faster than the basic FCS will allow was desired.

Thus, the installation and use of a research flight control system (RFCS), described in the next section,
was required.



Software Configuration

The FCS for the basic F-18 aircraft consists of quadruply-redundant 701E (General Electric, Lynn,
Massachusetts) flight control computers running the standard F-18 version 10.1 flight control law, which
is a digitally mechanized fly-by-wire control augmentation system. The SRA is equipped with a
production support flight control computer built by Lockheed Martin Corporation (Bethesda, Maryland)
that incorporates both the 701E flight control computer and a RFCS computer (ref. 4). The RFCS
computer is used to operate an OBES that adds doublet inputs onto the command from the standard F-1
flight control laws, which results in the excitation of individual control surfaces without pilot stick and
rudder inputs. The RFCS does not deactivate any inner-loop feedback, nor does it override any position
or rate limits of the basic FCS.

The aircraft was under RFCS control only during the up-and-away research portions of a test flight.
Software in the OBES contained preprogrammed PID maneuvers. The pilot selected the desired
maneuver by a series of six key punches on the cockpit digital display indicator. The pilot then armed the
maneuver with an additional key punch. After receiving clearance from the control room to proceed, the
pilot engaged the maneuver using the existing nosewheel steering switch on the control stick. The pilot
could disengage the RFCS at any time using a control-stick paddle switch.

Mass Properties

Accurate estimates of weight, center of gravi§G], and inertias were required for each PID
maneuver. A weight-and-balance ground test was performed to determine the unfueled aircraft weight
andCG. Fuel data were obtained by the pilot prior to and after the test points and radioed to the ground
control room. The pilot read fuel values from the four fuselage tanks. The wing fuel tanks were always
empty by the time the aircraft was on station for research test points. For each test point, the fuel readings
were used in a computer program to obtain air€Z&tand moments of inertia. Table 3 shows weight,

CG, and inertias for an approximately 66-percent—fueled configuration. This configuration is one of
many from the flight program and includes both aircrew members, support equipment, and a “clean” (that
is, no ordnance or drop tanks), landing-gear-up flight configuration.

Table 3. SRA mass properties for an
approximately 66-percent—fueled configuration.

Weight, Ib 32,167
CG

¢, percent 22.70

FS in. 455.32

WL, in. 103.45
Roll inertia, slug-f? 16,179
Pitch inertia, slug-ft 119,353
Yaw inertia, slug-ft 131,500
Product of inertia, slug4t ~2,120
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Instrumentation and Data Acquisition

The SRA is equipped with a complete set of airdata, inertial, and control-surface position
instrumentation. Some measurements were obtained from standard F-18 instrumentation; other
measurements were obtained by installing additional instrumentation to meet research objectives. Data
measurements were telemetered to the ground control room for real-time monitoring and were recorded
for postflight analysis. Data were also recorded by an onboard digital recorder.

Measurements from standard F-18 instrumentation included Mach number, altitude, dynamic
pressure, true airspeed, angle of attack, pitch and roll attitudes, and control-surface positions.
“Pitot-static” information was obtained from production probes mounted on both sides of the fuselage.
Flight data from airdata calibration maneuvers were obtained to calibrate the side probes because a
previous SRA program required the removal of the upstream electronic countermeasure blisters and thus
invalidated the basic aircraft static-pressure error calibration. Angle-of-attack data were obtained from
standard F-18 fuselage side-mounted cones. Aircraft pitch- and roll-attitude data were obtained from the
F-18 inertial navigation system (INS). Rotary variable differential transformers (RVDTSs) were used by
the FCS for control-surface position information. The RVDTs were installed on the surface actuator or
transmission and thus were unable to measure total surface deflections, which include the effects of
surface bending or twisting caused by aerodynamic loads.

The measurements from the standard F-18 instrumentation data were obtained from the F-18 military
standard 1553 multiplex data bus. Data on the bus were lagged in time by a variable (but nearly constant)
amount of time. This lag was a function of the amount of bus activity. The 1553 data parameters used for
the PID analysis (angle of attack, pitch and roll attitudes, and RVDT measurements) were time-skewed
by 0.1 sec to account for the lag. The 0.1-sec lag was determined by cross correlation of bus parameter:
with similar parameters that were not obtained from the bus (for example, INS-measured angular rates
were obtained from the bus and cross correlated with angular rates obtained by independent
measurements that were not time-lagged by the bus). Making these lag corrections was critical to
accurately estimating stability and control derivatives.

Additional research instrumentation was added to the SRA to provide angle of sideslip, three-axes
linear acceleration and angular rates, and control-surface positions. These data did not have the time-lag
problem associated with data from the 1553 bus. Angle of sideslip was obtained from a nosetip-mounted
flush airdata sensing (FADS) system that was developed in a previous SRA program (ref. 5). Sideslip
data were also time-skewed by 0.1 sec to account for pneumatic lag in the FADS pressure lines. This lag
was determined during the parameter estimation analysis by comparing measured and estimated angles ¢
sideslip. A package of three-axes linear accelerometers and rate gyros was installed specifically for this
research project to give inertial data completely independent of standard F-18 signal conditioning
and 1553 data bus latencies. Control-surface position transducers (CPTs) were installed on each contro
surface to measure surface deflections. The CPTs provided a direct measurement of the surface deflectior
and thus recorded uncommanded motions caused by aerodynamic loads.

Data from the 1553 data bus were recorded at 25 samples/sec. The CPT and FADS angle-of-sideslip
data were recorded at 50 samples/sec. Angular rates and linear accelerations from the researct
instrumentation package were recorded at 100 samples/sec. Signal conditioning included
presample antialiasing filters for all measurements. Data were either thinned or interpolated to create a
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50 samples/sec data set for PID analysis. Measurements of angles of attack and sideslip and lineal
accelerations were corrected 166G offset in the parameter estimation program. Angle of attack was
measured at fuselage statidRS( 165.00; angle of sideslip was measured=8t60.00 and water

line (WL)92.00; and the linear accelerations were measur&® a08.50, butt line L) —14.00, and

WL 92.15.

METHODS OF ANALYSIS

The formulation of the output-error parameter estimation technique used to analyze the flight data is
described. The nonlinear equations of motion used in the analysis are defined. The approach used tc
update the aerodynamic model in the simulation based on parameter estimation results is also described.

Parameter Identification Formulation

The primary objective of this research is to estimate from flight test the control effectiveness of each
control surface of the F-18 at high dynamic pressures. The actual vehicle system was modeled as a vecto
set of dynamic equations of motion that are defined in the next section. The form of these equations was
assumed to be known, but the aerodynamic stability and control parameters in these equations were
assumed to be unknown. The PID flight test maneuvers were flown to measure the response of the
aircraft to predefined control-surface inputs. The parameter estimation program called pEst (ref. 1) was
then used to adjust the unknown parameter values in the aerodynamic model until the estimated aircraft
response agreed with the measured response.

The pEst program defines a cost function that can be used to quantitatively measure the agreement
between the flight-measured response of the aircraft and the computed response based on the
pEst program—determined aerodynamic model. The pEst program also mechanizes the process of
searching for the unknown parameter values.

To obtain the cost function, the pEst program must solve a vector set of time-varying, ordinary
differential equations of motion. The equations of motion are separated into a continuous-time—state
equation and a discrete-time—response equation.

x(t) = F[x(1), u(t), €] (1)
z(t) = GIx(t), u(t), &] (2)

where F is the state derivative function, G is the response funcii®ihe state vectog, is the response

or measurement vectar,is the control input vectog, is the stability and control derivative parameter
vector, and is time. For this application of stability and control derivative estimation, state noise was
assumed to not exist.
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The output-error cost function,&J( ), used by the pEst program was as follows:

ng
1 ~ * ~
W) =5 3 [2() ~2()] Wiz(t) -2(1)] 3
zl =1
wheren, is the number of time history points useg, is the number of response variables, is the

computed response vector, and W is the response weighting matrix. The superscript asterisk denotes
transpose.

For each possible estimate of the unknown stability and control parameters, a probability that the
aircraft response time histories attain values near the observed values can be defined. The
maximume-likelihood estimates are defined as those estimates that maximize this probability. Minimizing
the cost function gives the maximume-likelihood estimate of the stability and control parameters. Figure 7
shows the maximum-likelihood estimation process. The measured response is compared with the
estimated response, and the difference between these is called the response error and is included in th
cost function. The minimization algorithm is used to find the parameter values that minimize the cost
function. Each iteration of this algorithm provides a new estimate of the unknown parameters on the basis
of the response error. Updating of the mathematical model with the new parameters continues iteratively
until a convergence criterion is satisfied (in this case, the ratio of the change in total cost to the total cost,
AJ(&)/J(&), must be less than 0.000001). The stability and control parameter estimates resulting from
this procedure are the maximum-likelihood estimates.

The estimator also provides a measure of the reliability of each estimate based on the information
obtained from each dynamic maneuver. This measure of reliability is called the Cramér-Rao bound
(ref. 6). In practice, the Cramér-Rao bound is used as a measure of relative, not absolute, accuracy. A
large Cramér-Rao bound indicates poor information content for the derivative estimate.

Equations of Motion

The aircraft equations of motion used in the PID analysis are derived from the more general system of
nine coupled, nonlinear differential equations that describe the aircraft motion (ref. 2). These equations
assume a rigid vehicle and a flat, nonrotating Earth. The time-rate of change of mass and inertia is
assumed negligible. The SRA configuration studied here, like most aircraft, is nearly symmetric about the
x-z plane. This symmetry is used, along with small angle approximations, to separate the equations of
motion into two largely independent sets describing the longitudinal and lateral-directional motions of
the aircraft. The nonsymmetries shown in figure 5 are not considered large enough to invalidate this
approach. The equations of motion are written in body axes referencedaG #ral include both state
and response equations. The applicable equations of motion are as follows for the longitudinal and
lateral-directional axes:
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Longitudinal state equations:
_ _0SR
mVcos3

gR
V cosp

CyCosa +g—tanB(p cosa +r sina)

+

(cospcosBcosa+ sinBsina)

d1, = aScGR+[rp(1,~1,) +(r*~p)I,J/R
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Longitudinal response equations:

a = 0(+xa\g/
a: q-"qbias
9=6
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whereqy,;,s anda, are estimates of instrumentation biases.
bias

Lateral-directional state equations:
3 = qSF% +p Si
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Lateral-directional response equations:
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P =P+ Pyias (16)

I =r1+rpis a7)
9=0 (18)
~ _qS 1 :
——[-Xx,r+z +r 19
8y = Y TgRl T Xaf P2 Pl - gR2ya|o ) (19)

whereB, ..« 1Ppias » @Nd ;s are estimates of instrumentation biases.

Equations 4-19 contain locally linear approximations of the aerodynamic coefficients. The
longitudinal aerodynamic coefficients are expanded as follows:

Cn = Cy tCn O ZVRCN q+ CN 6LEF + CNéTEFéTEF +CNés:—’sa +CN5e6e (20)
= + +— + + + +
Cm Cm C GO( 2VRCm aq CméLEF5LEF CmGTEFBTEF Cm68a6sa Cmaeée (21)

The coefficients are based on a reference area of 48adt = 11.52 ft. The moment reference is at
0.25 ¢, which is atFS 458.56. The coefficient with the subscrift’ ‘is a linear extrapolation of the
angle-of-attack derivative from the average angle of attack of the maneuver to 0° angle of attack (ref. 2).
Axial-force coefficients were not used in this analysis because the axial-force derivatives were not
expected to affect flying qualities, and getting good estimates of axial-force derivatives without thrust
measurements is generally difficult. All the longitudinal derivatives in equations (20)—(21) were
estimated in the analysis.

The lateral-directional aerodynamic coefficients are expanded as follows:

(CY p+Cy r)+C o,
" (22)
*Cy, 0 +Cy, O ep*Cy,  Oyrer*Cy, Oyn
dLEF dTEF dh

Cy = Gy, *Cv B+ ouR 2VR

Ci = Cy,*C B+ 5 R(CI P+ G 1) +Cp, 8

2VR

(23)
*C, 0+ Gy, 6dLEF+CI5 6dTEF+CI6 O
dLEF dTEF dh

2VR(C p+C, r)+C 6

*Cn O *Cn,  OSaLer *Cn, 6dTEF+Cn5 Sdh
dLEF dTEF dh

Cn = Cn +Cn B+
P (24)

15



The reference wing spaln, is 37.42 ft. The coefficient with the subscript s a linear extrapolation
of the angle-of-sideslip derivative from the average angle of sideslip of the maneuver to 0° angle of
sideslip. All the lateral-directional derivatives in equations (22)—(24) were estimated in the analysis.

Aerodynamic Model Update

The PID flight tests have been used to identify the force and moment derivatives in equations (20)—(24).
The ground-based simulations contain an aerodynamic model that includes both aerodynamic coefficients
(as a function of flow angles, Mach number, and altitude) and aerodynamic derivatives. A linearizer can be
run on the ground-based simulation to obtain locally linear stability and control derivatives as a function of
Mach and altitude. To update the aerodynamic model, derivative increments were obtained between the
flight-determined derivatives and the simulation aerodynamic model derivatives obtained from the
linearizer. The derivative increments were combined with aerodynamic state and control surface
measurements to define total force and moment coefficient increments as shown in equations (25)—(29).

ACy = ACy +ACy 0 +ACy U= +ACy 8 g
q2VR 6LEF (25)
TACN, Orgp+ACy, S5 +ACK S
TEF sa e
ACy = ACy, +AC, d+AC, 5= +AC, 8 g
qZVR 3 EE (26)
-l_ACmeS 6TEF+ACmeS 6sa+ACm23 6e
TEF sa e
AC, = ACy +ACy B+ACy 22 +ac, 22 +ac, 5
Y Yy YB Yp2VR rZVR YédLEF dLEF 27)
*ACy  SyreptACy, 93 +ACy  dyy +ACy
dTEF a dh r
ACy = AC, +AC; B+AC BD e oine sy e
p2VR CUI2VR TS 28)
*AC,  OyreptAC) O, +AC dgn +AC 5
dTEF a dh r
AC, = AC, +AC, B+AC, PP e e, 5y er
p2VR T UM2VR D Mg 29)
+Acn5 6dTEF"'ACnes 6a-*'ACn6 6dh +Acn5 6r
dTEF a dh r

These increments have been added to the original aerodynamic model coefficients to obtain the updatec
aerodynamic model.
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FLIGHT TEST APPROACH

The objective of this work is to obtain baseline F-18 control-surface effectiveness values for the
initial control-law development for the AAW project. Consequently, PID data were obtained at the AAW
test points shown in figure 3. A complete set of stability and control derivatives was obtained at each test
point. As is typical, PID maneuvers were performed to separately obtain longitudinal and
lateral-directional derivatives. Each longitudinal PID maneuver was composed of a sequence of SSI
doublets in the following order: symmetric LEF, symmetric TEF, symmetric aileron, and symmetric
stabilator. Each lateral-directional PID maneuver was composed of SSI doublets in the following order:
rudder, differential LEF, differential TEF, aileron, and differential stabilator.

The term “single-surface input” refers to the ability of the OBES to independently excite each pair of
control surfaces while making no input commands to the other surfaces. Note that even under OBES
control, the feedback control system of the aircraft is still active. The initial OBES SSI caused a
perturbation from trim. The feedback control system responded to the perturbation with additional
control-surface deflection commands to several of the control-surface pairs. The control-surface
excitation for each PID maneuver then was the sum of the SSls for each pair of control surfaces plus the
additional control-surface motions caused by the control system feedback.

The OBES is capable of obtaining control-surface deflections that are not highly correlated with (that
is, independent of) the motion of the other control-surface pairs. The active feedback control system did
result in some correlation of the control-surface motions; however, enough motion that was not correlated
existed to get good identification of the individual control-surface effectivenesses.

The PID maneuvers were designed to accommodate two research objectives: stability and control
derivative extraction (the purpose of this paper), and structural component loads modeling. The latter
objective often led to the size of the doublet maneuvers being larger than necessary for stability and
control derivative extraction. However, all maneuvers presented in this report have been deemed
acceptable for PID analysis. The amplitudes of the control-surface deflections were varied for different
test conditions because high—dynamic pressure flight conditions generally required small inputs because
of structural load constraints. Table 4 shows the definition of large, medium, and small longitudinal and
lateral-directional SSI sequences.

Each SSI doublet consisted of a 1-sec deflection in the positive direction followed by a 1-sec
deflection in the negative direction. The deflections were done from a trimmed surface position. A 5-sec
delay was programmed between each SSI. Minimal pilot stick and rudder inputs were requested during
the maneuver sequence. However, the pilot was requested to make adjustments to bring the aircraft tc
wings level and maintain Mach number and altitude conditions during the 5-sec delays between SSis.
The thrust of the SRA was not sufficient to maintain altitude for some high—dynamic pressure test points.
For these points, the pilot maintained the desired Mach number while commanding a slight dive through
the target altitude with full engine afterburner.
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Table 4. PID maneuver doublet sizes.

SSI sequence

Large amplitude, Medium amplitude, Small amplitude,

Doublets deg deg deg
Longitudinal
S g 2 +3 +2 +1
Sreg 2 +5 +4 +3
deq +6 +5 +4
O +1 +1 +1
Lateral-directional
5, +4 +4 +4
édTEF +10 +8 +6
éa +12 +10 +8
6dh +6 +6 +6

4 Negative symmetric LEF and TEF deflections were not possible because of
limitations in the flight control computer.

Figure 8 shows a typical large, longitudinal SSI doublet sequence time history using the RVDT
outputs of the commanded surface deflections. Figure 8(a) shows the four LEF RVDT outputs. As can be
seen, the negative portion of the OBES-commanded LEF doublet was completely eliminated because the
trimmed position was near 0°. Similarly, as figure 8(b) shows, the negative portion of the TEF doublet
was truncated at 0° deflection. The difference between right and left surface positions for the aileron and
stabilator (figs. 8(c) and 8(d), respectively) was required to trim out the known right roll tendency of the
aircraft. The effect of FCS feedback on the OBES input is clearly seen in the stabilator deflections.
Figure 8(d) shows FCS-commanded stabilator response to LEF, TEF, and aileron inputs. Figure 8(d) also
shows that the stabilator doublet inputs are quickly “taken out” by the feedback of the primary FCS. The
FCS feedback response did not significantly degrade the maneuver quality because the aircraft had time
to respond to the sharp doublet inputs.

Figure 9 shows a typical large, lateral-directional SSI doublet sequence time history. In this case,
approximately —1° of rudder trim is required to trim out the known left yaw tendency of the aircraft as
shown in figure 9(a). Also, the rudder SSI can be seen to be quickly “taken out” by the FCS. Again, the
FCS feedback response did not significantly degrade the quality of the PID maneuver.

Before and after each doublet sequence, the pilot radioed fuel readings from the four fuselage tanks.
In postflight analysis, fuel readings were used to compute airf€@fand inertias. Mach number,
altitude, and mass properties were input into a batch simulation of the aircraft, and a linearizer was used
to obtain simulation predictions of the stability and control derivatives. The baseline F-18B aerodynamic
model used by the simulation was obtained from the Naval Air Warfare Center (Patuxent River,
Maryland) Common Database version 3.1.
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RESULTS AND DISCUSSION

This section contains results from analyzing 112 PID flight test maneuvers. Unexpected deflections
of the LEFs during the maneuvers are discussed first. Stability and control derivative results from the
longitudinal and lateral-directional maneuvers are then presented for analyses using CPT-measured anc
RVDT-measured surface positions. Finally, a comparison is made between measured aircraft responses
obtained from flight data and responses obtained from the nonlinear simulation using updated stability
and control derivatives from this research.

All moment coefficients and derivatives were obtained at the fighand then translated (ref. 7) to
a standard moment-reference location for plotting. The moment-reference location on the SRA is at
FS458.56 (0.2%), BL 0.00, andwL 100.00. Trim angle of attack was between —1 and 2° for all test
points and therefore was not used as a variable for plotting derivatives. Each derivative is plotted as a
function of Mach number and altitude and with its corresponding scaled Cramér-Rao uncertainty level
(ref. 8). The Cramér-Rao uncertainly levels obtained from the pEst program were multiplied by a factor
of 5 for plotting to improve the ability to discern the estimate quality. The simulation prediction of the
derivatives using the basic F-18B aerodynamic model also will be shown.

Unexpected Leading-Edge Flap Deflections

Control-surface instrumentation enabled the discovery of significant LEF control-surface motion, not
commanded, during some of the PID maneuvers and during the transition between subsonic and
supersonic flight. These results are presented in this section.

Control-Surface Position Transducer and Rotary Variable Differential Transformer
Deflection Measurements

Figure 10 shows a time history of the symmetric aileron SSI portion of a subsonic, large, longitudinal
doublet sequence. Figure 10(a) shows the aileron deflection commanded by the OBES. Although no LEF
deflection was being commanded by the OBES, the FCS commanded a small amount of LEF deflection
at the end of the doublet (fig. 10(b)) to respond to this somewhat dynamic maneuver in which a
maximum normal acceleration ofg3was obtained (fig. 10(d)). Figure 10(b) shows the RVDT
measurements of the LEF deflections. Figure 10(c) shows the CPT measurements of the LEF deflections.
As can be seen, much more motion was measured using the CPTs (which give a direct measurement o
the surface position) than was measured using the RVDTs (which measure actuator and transmission
positions). Also, the outboard surface CPTs showed more deflection than the inboard surface CPTs,
resulting in a small split between inboard and outboard surfaces. These CPT measurements were
considered suspect during the initial flight tests. Fortuitously, however, the right outboard LEF was
instrumented for hinge-momerl1) measurements. ThéM measurements (fig. 10(e)) correlated well
with the CPT measurements (fig. 10(c)) and not with the RVDT measurements (fig. 10(b)). Therefore,
the CPTs were concluded to be a better indicator of actual surface motion.

19



Sonic Split

The inboard and outboard LEF surfaces were observed from CPT measurements to track well
together during subsonic nonmaneuvering flight and to split by as much as 2° for supersonic flight. The
surfaces then tracked well again as the aircraft returned to subsonic speeds. Figure 11 shows this
repeatable effect, which is not measured by the RVDTSs. This effect does not adversely affect the PID
analysis because PID information comes from small perturbations about a trim point. The split only
affects the trim configuration.

Stability and Control Derivative Results Using
Control-Surface Position Transducer Measurements

This section presents stability and control derivatives obtained from PID flight maneuvers using CPT
measurements in the analysis. The sizes of the doublet SSIs varied depending on flight condition.
Figure 12 shows the maximum-sized maneuver used at each test condition for longitudinal doublets
(fig. 12(a)) and lateral-directional doublets (fig. 12(b)). At some flight conditions, smaller-sized SSI
doublets were also used. Figures 13-19 show the longitudinal derivatives and figures 20—28 show the
lateral-directional derivatives obtained from the PID analysis. The derivatives are plotted as a function of
freestream Mach number and altitude. All moment derivatives were obtained about the aircr&tlight
and then translated (ref. 7) to the moment reference (table 1) for plotting. The symbols represent the pEst
program estimates of the derivative, and the lines represent the simulation prediction of the derivative at
the same flight condition.

The scaled Cramér-Rao uncertainty bound is also shown for each pEst program estimate. The results
are grouped by altitude because the data were obtained at approximately 5,000-ft intervals at altitudes
between 5,000 and 25,000 ft. Appendices A and B show time history comparisons of the flight-measured
and computed responses resulting from the PID analysis for each test condition for typical longitudinal
and lateral-directional maneuvers, respectively.

Longitudinal Stability and Control Results

Figure 13 shows normal-force and pitching-moment coefficient biases. These bias values are not the
traditional normal-force and pitching-moment coefficients at 0° angle of attack and no control-surface
deflections. The predicted bias values come from the simulation linearizer. The linearizer provided a
linear representation of the coefficient about the trim condition. The bias is simply the extrapolation of
the linear fit to 0° angle of attack. Similarly, the flight data are obtained from the pEst program. The
coefficient bias obtained in the pEst program is also the extrapolation of the linear fit to 0° angle of
attack. For the data points presented, the trim angle of attack varied between —1° and 2°.

The simulator angle of attack typically trimmed approximately 0.5°-1.0°, higher than the
flight-measured angle of attack. Airdata reconstruction techniques confirmed that the flight-measured
trim angle of attack had a bias error that caused it to read low. This error was not a problem for the pEst
program derivative extraction because the angle-of-attack measurement, while biased, still had the
correct variation during the maneuver. However, the biased trim angle-of-attack value does affect the
bias coefficient.
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Figure 13(a) shows the normal-force coefficient bias results. The flight-determined values are
consistently higher than the predictions, which is consistent with the simulator trimming at a higher angle
of attack. Figure 13(b) shows the moment coefficient bias results. The flight-determined results are lower
than the bias prediction, which also is consistent with the simulator trimming at a higher angle of attack.

Figure 14 shows the angle-of-attack derivatives. The flight-determined normal-force coefficient
derivative results (fig. 14(a)) are 10-20-percent lower than the simulation prediction and show no
significant trend with altitude. The flight-determined longitudinal stability derivative, however, is
considerably less stable (that is, less negative) than the simulation prediction at all Mach numbers
(fig. 14(b)). As altitude is decreased subsonically, a more stable derivative is observed because of aircraft
flexibility effects.

Figure 15 shows the dynamic derivatives. A significant amount of scatter exists in the results with no
strong altitude effect. The simulation predictions offer a reasonable fairing of the flight results for the
normal-force coefficient due to nondimensional pitch rag . The flight-determined damping
derivative (the pitching-moment coefficient due to nondimensqlonal pitch Cate, ), shows a definite
trend at transonic Mach numbers. T@ﬁq derivative becomes more negaglve than predictions at high
subsonic Mach numbers and less negative at low supersonic Mach numbers.

Figure 16 shows the symmetric LEF derivatives. The normal-force derivative results (fig. 16(a))
agree well with the predictions except at approximately Mach 0.85 and Mach 0.95, where the flight data
are more negative. The pitching-moment derivative results (fig. 16(b)) show reasonably good agreement
subsonically between flight and predictions. Supersonic flight results show a trend toward zero
pitching-moment effectiveness of the LEFs as Mach number increases to 1.3. This trend is in sharp
contrast to the predictions that showed increasing nosedown effectiveness of the LEFs as Mach numbel
increased.

Figure 17 shows the symmetric TEF derivatives. The flight-determined normal-force derivative
results are significantly lower than the predictions (fig. 17(a)). Figure 17(b) shows the pitching-moment
derivative. The simulation predicted a slight increase in the pitching-moment coefficient caused by
symmetric TEF deflection,Cmé , as altitude increased. This trend was not apparent from the
flight results. The flight data aré somewhat scattered but show agreement with the prediction of the
derivative decreasing as Mach number increased. In general, the flight results showed less nosedowr
effectiveness than predicted.

Figure 18 shows the symmetric aileron derivatives. The normal-force derivative (fig. 18(a)) shows
reasonable agreement between flight and predicted results. Figure 18(b) shows the pitching-moment
derivative. The flight-determined derivative values indicate that the symmetric ailerons are significantly
more effective than predicted, especially at subsonic speeds. The predicted trend of increasing nosedowr
effectiveness with increasing altitude was seen in the flight data.
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Figure 19 shows the elevator (symmetric stabilator) derivatives. The flight values of the normal-force
derivative agree well with predictions (fig. 19(a)). The pitching-moment effectiveness is slightly less than
predicted (fig. 19(b)).

Lateral-Directional Stability and Control Results

Figure 20 shows the lateral-directional, zero-sideslip, trimmed coefficients. As previously stated in
the “Vehicle Description” section, the SRA is not completely symmetrical about the x-z plane. The left
outboard wing panel is a production panel, whereas the right outboard panel is a preproduction one. Also,
and more significantly, a large aileron actuator fairing exists under the left outboard wing panel. The
result of these (and other smaller, undocumented) asymmetries is that the SRA exhibits right roll and left
yaw tendencies that are nominally trimmed out for straight-and-level flight. A large part of the left yaw
tendency is suspected to be caused by the added drag associated with the large actuator fairing under tr
left wing. The pEst program analysis clearly identified a positive rolling moment (fig. 20(b)) and a
negative yawing moment (fig. 20(c)) at 0° sideslip. A slight, positive side force (fig. 20(a)) was also
identified that could be caused in part by the outboard bulging of the left aileron actuator fairing. The
large Cramér-Rao bounds at Mach 0.95 and Mach 1.2 (fig. 20) were a result of poor sideslip information.
At these test points, the FADS measurement of angle of sideslip did not work. Consequently, the sideslip
response was weighted very low in the PID analysis, which resulted in very large Cramér-Rao bounds for
these coefficient bias parameters. The actual value of the estimates agrees well with other estimates
because of accurate lateral-acceleration measurements.

Figure 21 shows the angle-of-sideslip derivatives. The flight-determined side-force derivative
(fig. 21(a)) is slightly smaller in magnitude than the prediction. Figure 21(b) shows the dihedral effect.
With the exception of data at Mach 0.95, the flight-determined data show more negative values of the
rolling-moment coefficient due to sideslifi1B , than existed in the predictions. The predictions showed
the C'B becoming more negative with increasing altitude. Flight results did not show this trend,
but generally showed a nearly constant value throughout the Mach number and altitude range. The
lateral-directional static stability derivative (the yawing-moment coefficient due to sidgslip, )
showed stability levels noticeably lower (that is, less positive) than predicted throughout the Mach
number range. For supersonic conditions, the flight data does show the predicted altitude effects causec
by aircraft flexibility.

Figures 22 and 23 show the dynamic derivatives caused by roll and yaw rates, respectively. The
rolling-moment coefficient due to nondimensional roll ra@‘c—:;b , shows slightly less damping than
predictions (fig. 22(b)), whereas the yawing-moment coefficient due to nondimensional ya@n{ate, ,
shows slightly more damping than predicted (fig. 23(c)).

Figure 24 shows the rudder derivatives. The side-force derivative obtained in flight agrees with
predictions for subsonic conditions and is lower than predictions for supersonic conditions (fig. 24(a)).
The flight-determined rolling moment caused by the rudders tends towards zero as the Mach number
becomes supersonic (fig. 24(b)). For supersonic conditions, a more positive rolling moment caused by
rudders was predicted. Figure 24(c) shows the yawing moment caused by rudder deflection. For subsonic
conditions, the flight-determined and predicted values agree reasonably well. For supersonic conditions,
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the flight-determined values show less effectiveness than the predictions. The small altitude effect seen in
the predictions was also seen in the flight data.

Figure 25 shows the differential LEF derivatives. The simulation predicted zero side force caused by
differential LEF deflections. Flight data show near-zero side force caused by differential LEF (fig. 25(a)).
The flight-determined rolling-moment derivative values are generally lower than the simulation predicted
(fig. 25(b)). The flight data do show a slight decrease in rolling-moment effectiveness with increasing
altitude, but not to the extent predicted by the simulation. The yawing moment obtained from differential
deflection of the LEFs was not modeled in the simulation. Figure 25(c) shows flight data.

Figure 26 shows the differential TEF derivatives. Figure 26(a) shows the side-force derivative. Flight
data show more negative side force than predicted, especially at supersonic Mach numbers. Figure 26(b’
shows the rolling-moment derivative caused by differential TEF. The flight-determined and predicted
values agree very well. Trailing-edge flap “reversal” is seen for the Mach 0.95 data at altitudes below
10,000 ft. For supersonic conditions, the flight data show negative derivative values that agree reasonably
well with the predictions. Figure 26(c) shows the yawing-moment derivative obtained from flight. At
supersonic Mach numbers, the derivative is significantly larger than the simulation prediction and the
effects of altitude are not as pronounced.

Figure 27 shows the aileron derivatives. The flight-determined side-force derivative values agree well
with the predictions (fig. 27(a)). Figure 27(b) shows the flight-determined aileron rolling-moment
effectiveness compared with predictions. The simulation predicted aileron reversal at Mach 0.95 and an
altitude of 5000 ft. The flight data do not show aileron reversal, but do show the trend toward zero aileron
roll effectiveness as the Mach number increased for subsonic speeds. The flight data also clearly show the
predicted trend of reduced roll effectiveness with reduced altitude. The yawing-moment derivative
(fig. 27(c)) agrees reasonably well with predictions of near-zero effectiveness.

Figure 28 shows the differential horizontal stabilator derivatives. The simulation predicted a slightly
negative side-force derivative, whereas the flight data show values closer to zero and slightly positive at
high supersonic Mach numbers (fig. 28(a)). The rolling moment caused by the horizontal stabilator was
predicted well (fig. 28(b)). The yawing-moment derivative was predicted well for subsonic conditions,
but diverged from predictions and became negative as the Mach number increased supersonically

(fig. 28(c)).

Stability and Control Derivatives Results Using
Rotary Variable Differential Transformer Surface Positions

As stated previously, obtaining the stability and control derivative results using the RVDT surface-
position data instead of the CPT data was of interest. The RVDT instrumentation does not measure the
control-surface deflections caused by bending or twisting under aerodynamic loading. For example,
during this flight test program, significant LEF control-surface motion caused by aerodynamic effects
was measured by the CPTs but not by the RVDTs (fig. 9). However, the stability and control derivatives
obtained from RVDT surface-position data are useful for updating ground-based piloted simulations.
These simulations do not include aerodynamic effects on the control surfaces and therefore do not take
into consideration how the control-surface position are being modified by aerodynamic effects.
Therefore, the derivatives obtained using RVDT information can provide accurate vehicle response
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simulations without actually considering the total contribution of aerodynamic effects on the
control-surface position.

Figures 29-35 show the longitudinal stability and control derivatives obtained using RVDT surface-
position inputs into the pEst program. For the most part, these results agree well with the data presentec
in figures 13-19. Figure 36 shows a comparison of the pitching-moment derivative results. As expected,
good agreement is seen in the static stability derivative (fig. 36(a)). The control derivatives show some
differences (figs. 36(b)—(e)).

Figures 37-45 show the lateral-directional stability and control derivatives obtained using RVDT
surface-position inputs into the pEst program. Figure 46 shows a comparison of analyses using CPT and
RVDT data for the estimation of the static-directional stability and dihedral effect derivatives. The
directional stability results (fig. 46(a)) show good agreement. Results obtained using RVDT data show
more negative dihedral effect (fig. 46(b)) at supersonic Mach numbers. Figure 47 shows control
derivatives with reasonably good agreement. Using the RVDT data did result in higher differential LEF
derivative values.

Aerodynamic Model Update

Typically, the end result of PID analysis is an update of the aerodynamic model of the vehicle. An
updated aerodynamic model can be used to improve ground-based flight simulations and, in the case of
the AAW project, to improve the fidelity of the initial control-law design. Figures 13-35 and 37-45 show
the stability and control derivatives obtained from PID flight test. Derivative increments were obtained
from these figures by subtracting the simulation-predicted derivative from the flight-determined
derivative. These increments were computed as a function of both Mach number and altitude. The force
and moment coefficient increments defined in equations (25)-(29) were added to the original
aerodynamic model force and moment coefficients to obtain an updated aerodynamic model. This new
aerodynamic model was then used in the nonlinear simulation and compared to flight data to validate the
PID results. Appendix C contains a complete set of the stability and control derivative increments as a
function of Mach number and altitude for results obtained using CPT measurements in the PID analysis.
Appendix D contains a set for results obtained using RVDT surface position measurements in the PID
analysis.

This section compares flight data with simulation. Three simulation runs were done for each test
condition. The nonlinear, piloted, real-time simulation was used to obtain the aircraft response resulting
from the original aerodynamic model. The nonlinear batch simulation was used to obtain aircraft
responses using the updated aerodynamic models. Two updated aerodynamic models were tested, on
using appendix C increments and the other using appendix D increments. Simulations using the updated
aerodynamic models were run with the appropriate (either CPT or RVDT) control-surface position
measurements obtained in flight. These control-surface position measurements, however, were biased tc
match the control-surface positions predicted by the trimmed simulation. In all cases, the simulator was
trimmed at flight Mach number and altitude conditions and flight mass properties. The bias increments
(ACNb, ACmb, AC, ,AClb,andACnb) were set to zero in the updated simulations to simplify the
analysis because tkhese parameters did not affect the dynamic response of the simulation. Seven SSI cas
are analyzed in this section.

24



Symmetric Leading-Edge Flaps

Figures 16(b) and 32(b) show that the pitching-moment effectiveness of the symmetric LEF
deflection was modeled well for subsonic speeds. At supersonic speeds, however, the symmetric LEFs
were much less effective in generating pitching moment than predicted. Figure 48 shows the comparison
between flight and simulation for a maneuver at Mach 1.2 and an altitude of 25,000 ft. As figure 48
shows, the simulation based on the original aerodynamic model predicted more variation in normal
acceleration and pitch rate than what was actually measured in flight. The simulated responses obtainec
using the updated aerodynamic models better agree with the flight-measured normal acceleration and
pitch rate than do the simulated responses using the original aerodynamic model.

Symmetric Trailing-Edge Flaps

Figures 17(a) and 33(a) show from flight data that the TEF deflections produce less normal force than
predicted at all Mach numbers. Figure 33(b) shows a significantly more negative TEF pitching-moment
derivative for flight at an altitude of 25,000 ft than predicted when using the RVDT surface positions in
the PID analysis. Figure 49 shows the comparison between flight and simulation for a symmetric TEF
deflection at Mach 1.2 and an altitude of 25,000 ft. The normal acceleration plot (fig. 49) shows that the
updated simulations better agree with flight data than the original simulation. This agreement is
consistent with using the smaller-than-predicted normal-force derivatives obtained from the
pEst program. The pitch-rate plot also shows an improved match with flight data for the updated
simulations as compared to the original simulation.

Symmetric Ailerons

Figures 18(b) and 34(b) show that the symmetric aileron deflection at subsonic speeds was much
more effective than predicted. Figure 50 shows the comparison between flight and simulation for a
maneuver at Mach 0.85 and an altitude of 15,000 ft. Figure 50 shows the original simulation predicted
a £0.5¢ increment in the normal acceleration response caused by the symmetric aileron doublet;
however, flight data show a much more dynamic maneuver in which normal acceleration ranges
between —0.3 and 3d)-Both of the updated aerodynamic models show better agreement with the flight
data than the original simulation.

Differential Leading-Edge Flaps

Figures 25(b) and 42(b) show that rolling-moment effectiveness of the differential TEFs was
overpredicted by the original aerodynamic model for a maneuver at Mach 1.2 and an altitude of 15,000 ft.
Figure 51 shows the comparison between flight and simulation for a maneuver at Mach 1.2 and an
altitude of 15,000 ft. As figure 51 shows, the simulation based on the original aerodynamic model
predicted 50-percent more roll rate and bank angle than that measured in flight. The updated simulations
show better agreement with flight data than the original simulation, which is consistent with the reduced
rolling-moment effectiveness determined by the PID analysis.
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Differential Trailing-Edge Flaps

Figures 26 and 43 show that the PID flight analyses indicate increased side-force and
yawing-moment effectiveness caused by differential TEF deflections. Figure 52 shows the comparison
between flight and simulation for a differential TEF doublet maneuver at Mach 1.2 and an altitude of
15,000 ft. The flight data clearly demonstrate significant yaw rate and sideslip that the original simulation
did not at all show. The differential TEFs were so effective in generating a yawing moment that the
primary FCS commanded rudder deflection to counter the yawing moment (fig. 52(c)). The updated
simulations agree much better with the flight data than did the original simulation.

Aileron

Figures 27 and 44 show the aileron derivatives obtained from the PID analysis and from the original
aerodynamic model. For flight at Mach 1.2 and an altitude of 15,000 ft, the PID analysis estimated
slightly more positive rolling moment and slightly more negative yawing moment caused by the aileron
deflection than predicted. Figure 53 shows the comparison between flight and simulation for an aileron
doublet maneuver at Mach 1.2 and an altitude of 15,000 ft. For the small angular rates and sideslip
generated by the aileron doublet, the updated simulations do a better job of matching the flight data than
did the original simulation. The original simulation showed some aileron reversal that was not seen in the
flight data.

Differential Stabilator

Figures 28 and 45 show the differential stabilator derivatives obtained from the PID analysis and
from the original aerodynamic model. For the test condition of Mach 1.2 and an altitude of 15,000 ft, the
PID analysis shows approximately zero side force caused by the differential stabilator deflection;
whereas the original aerodynamic model showed a negative side-force derivative. More significantly, the
PID analysis shows a negative yawing-moment derivative, whereas the original aerodynamic model
predicted a positive yawing-moment derivative of approximately the same magnitude. Figure 54 shows
the comparison between flight and simulation for a differential stabilator doublet maneuver at Mach 1.2
and an altitude of 15,000 ft. For the small yaw rate and angle of sideslip generated by the differential
stabilator, the updated simulations show better agreement with the flight data than the original
simulation. Although the derivative for rolling moment caused by differential stabilator was only
slightly modified, the updated simulations also show better agreement with the measured roll rate than
the original simulation (fig. 54(c)).

CONCLUDING REMARKS

The full set of longitudinal and lateral-directional stability and control derivatives has been obtained
for the F-18B aircraft at the high dynamic pressures of interest to the active aeroelastic wing program. A
maximume-likelihood output-error parameter estimation technique was used to analyze maneuvers
initiated by an onboard excitation system that provided single-surface doublet inputs. A total of
112 maneuvers was analyzed at flight conditions ranging in Mach number from 0.85 to 1.30 and dynamic
pressure from 600 to 1500 IbfiftComparisons were made with simulation predictions.
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Longitudinal flight data analysis showed less static stability than predicted throughout the Mach
region tested. Pitching-moment effectiveness of the symmetric leading-edge flaps agreed well with
predictions for subsonic conditions but showed much less effectiveness for supersonic conditions than
predicted. The normal force generated by symmetric trailing-edge flap deflection was significantly less
than predicted. The symmetric ailerons were much more effective in pitch than predicted, especially for
subsonic conditions.

Lateral-directional flight data analysis confirmed the known right roll and nose-left tendencies of the
Systems Research Aircraft. The directional static stability was moderately less than predicted. The
rolling-moment effectiveness of the leading-edge flaps was generally less than predicted and did not vary
as significantly with altitude as predicted. At supersonic Mach numbers, the differential trailing-edge flap
deflection generated significantly more yawing moment than predicted. The rolling-moment
effectiveness of the trailing-edge flaps agreed well with the predictions, including the “trailing-edge flap
reversal’” at Mach 0.95 at low altitudes. “Aileron reversal” was never obtained as predicted, but the
aileron effectiveness did approach zero as altitude decreased at Mach 0.95. At speeds faster thar
Mach 1.15, the differential stabilator generated a negative yawing moment rather than the predicted
positive yawing moment.

Comparisons were also shown of results from analyzing the maneuvers using surface position from
direct control-surface position transducer (CPT) measurements rather than surface position assumed fromn
rotary variable differential transformer (RVDT) measurements at the surface actuator or transmission.
This comparison was important because the RVDTs did not measure surface deflections caused by
bending and twisting under aerodynamic loading. Flight data showed significant uncommanded
leading-edge flap motion caused by aerodynamic loads during the dynamic parameter-identification
maneuvers. Some differences in control-surface effectiveness values were attributed to whether CPT or
RVDT data were used in the analysis.

Selected single-surface input (SSI) maneuvers were analyzed to show the effect of updating the
nonlinear simulation with improved stability and control derivatives obtained from this series of flights.
Increments to the stability and control derivatives from the original aerodynamic model to the updated
aerodynamic model were a function of both Mach number and altitude. These increments were input into
the nonlinear batch simulation, and the aircraft response time histories were obtained using the
control-surface inputs from flight maneuvers. Time histories were obtained for symmetric leading-edge
flap, symmetric trailing-edge flap, symmetric aileron, differential leading-edge flap, differential
trailing-edge flap, aileron, and differential stabilator SSI doublet maneuvers. Two updated aerodynamic
models were run in the simulator. One updated simulation included increments obtained using CPT
values in the parameter estimation program analysis; the other updated simulation included increments
obtained from using RVDT surface position values in the parameter estimation program analysis. In all
cases, the aircraft responses from both of the updated simulations agreed more closely with the
flight-measured responses than the original simulation-predicted responses.

Dryden Flight Research Center
National Aeronautics and Space Administration
Edwards, California, June 30, 2000
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FIGURES

Figure 1. F-18B Systems Research Aircraft (SRA).
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Figure 2. Three-view drawing of the F-18B SRA with major dimensions shown.
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Figure 3. AAW and SRA flight test point matrix.
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Figure 4. Canopy mold line comparison between F-18 “A” and “B” models.
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(a) Planform of the left “production” aileron showing the additional 1.7-percent more surface area that is
not included on the right “preproduction” aileron.
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(b) Right aileron actuator fairing. (c) Left aileron actuator fairing.

Figure 5. Asymmetries between left and right aileron surfaces and actuator fairings.
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Figure 7. Maximum-likelihood parameter estimation process.
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(a) LEF surface deflections (OBES LEF commant=aR-3 sec).
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(b) TEF surface deflections (OBES TEF commanid=a9-11 sec).
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(c) Aileron surface deflections (OBES aileron commarid=at6-18 sec).

3
3 R U~ ST S
nght stabllator
6 1 IRERYE ..'_...‘_.w...,\’!'x,., PR AR X
deg o [T T
_1 .......................................................................
-2 - - - -
0 5 10 15 20 25 30

Time, sec
000281

(d) Horizontal stabilator surface deflections (OBES stabilator command23—25 sec).
Figure 8. Typical large longitudinal doublet SSI sequence (RVDT measurements).
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(a) Rudder surface deflections (OBES rudder command &t3 sec).
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(b) LEF surface deflections (OBES LEF commant=a8-10 sec).
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(c) TEF surface deflections (OBES TEF commanid=a15-17 sec).
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(d) Aileron surface deflections (OBES TEF commant=aR2-24 sec).
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(e) Stabilator surface deflections (OBES stabilator commaid 29—-31 sec).
Figure 9. Typical large lateral-directional doublet SSI sequence (RVDT measurements).
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(a) Symmetric aileron deflection.
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(b) LEF surface deflections from RVDT measurements.
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(c) LEF surface deflections from CPT measurements.
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(e) Right outboard LEF hinge moment.
Figure 10. Symmetric aileron doublet time history.
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(b) LEF surface deflections using CPT measurements.
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(c) LEF surface deflections using RVDT measurements.

Figure 11. Time history showing LEF split at supersonic Mach numbers.
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(a) Maximum longitudinal doublet sizes.
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(b) Maximum lateral-directional doublet sizes.

Figure 12. Maximum doublet maneuver sizes used at the various test conditions.
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Figure 13. Predicted and flight-determined longitudinal coefficient biases (pEst program analysis using
CPT measurements).
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Figure 14. Predicted and flight-determined angle-of-attack derivatives (pEst program analysis using CPT
measurements).
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Figure 15. Predicted and flight-determined pitch-rate derivatives (pEst program analysis using CPT
measurements).
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Figure 16. Predicted and flight-determined symmetric LEF derivatives (pEst program analysis using CPT
measurements).
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Figure 17. Predicted and flight-determined symmetric TEF derivatives (pEst program analysis using CPT
measurements).
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Figure 18. Predicted and flight-determined symmetric aileron derivatives (pEst program analysis using
CPT measurements).
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Figure 19. Predicted and flight-determined elevator (symmetric stabilator) derivatives (pEst program
analysis using CPT measurements).
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Figure 20. Predicted and flight-determined lateral-directional coefficient biases (pEst program analysis

using CPT measurements).
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Figure 21. Predicted and flight-determined angle-of-sideslip derivatives (pEst program analysis using
CPT measurements).
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Figure 22. Predicted and flight-determined roll rate derivatives (pEst program analysis using CPT
measurements).
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Figure 23. Predicted and flight-determined yaw rate derivatives (pEst program analysis using CPT
measurements).
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Figure 24. Predicted and flight-determined rudder derivatives (pEst program analysis using CPT
measurements).
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Figure 25. Predicted and flight-determined differential LEF derivatives (pEst program analysis using

CPT measurements).
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Figure 26. Predicted and flight-determined differential TEF derivatives (pEst program analysis using
CPT measurements).
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Figure 27. Predicted and flight-determined aileron derivatives (pEst program analysis using CPT

measurements).
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Figure 28. Predicted and flight-determined differential stabilator derivatives (pEst program analysis using

CPT measurements).
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Figure 29. Predicted and flight-determined longitudinal coefficient biases (pEst program analysis using
RVDT measurements).
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Figure 30. Predicted and flight-determined angle-of-attack derivatives (pEst program analysis using
RVDT measurements).

55



pEst results: o 25 kft; x 20 kft; a 15 kft; * 10 kft; A 5 kft
Predictions:

5 kft

25 kft; =+ 0 0 - 20 kft; —-=+= 15kft; — — — 10 kft;

60F - T R R R o R R SO SO

40 |

_40 i i i i i i i i i i
.85 .90 .95 1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35
Mach number

000342

(@) CNq .

pEst results: o 25 kft; x 20 kft; a 15 kft; * 10 kft; A 5 kft
25 kft; = v 0 - 20 kft; === 15kft; — — — 10Kkft;

Predictions: 5 kft

oo i ; . ; ; ; ; ; ; ;
.85 .90 .95 1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35
Mach number

000343

(b) Cmo| (moment reference at 0.2b

Figure 31. Predicted and flight-determined pitch-rate derivatives (pEst program analysis using RVDT
measurements).
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Figure 32. Predicted and flight-determined symmetric LEF derivatives (pEst program analysis using
RVDT measurements).
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Figure 33. Predicted and flight-determined symmetric TEF derivatives (pEst program analysis using
RVDT measurements).
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Figure 34. Predicted and flight-determined symmetric aileron derivatives (pEst program analysis using
RVDT measurements).
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Figure 35. Predicted and flight-determined elevator (symmetric stabilator) derivatives (pEst program
analysis using RVDT measurements).
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Figure 41. Predicted and flight-determined rudder derivatives (pEst program analysis using RVDT
measurements).

66



2.0x 1073

pEst results
25 kft
20 kft
15 kft
10 kft
5 kft

Predictions
25 kft

PN S S S PO S
1.0

.85 .90 .95 1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35
Mach number

000372

pEst results
25 kft
20 kft
15 kft
10 kft
5 kft

Predictions
25 kft

Dx0OxO

1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35

Mach number 000373

(b) C'es (vertical moment reference\&t 100).

dLEF
3.5x 1074
E pEst results
30- O  25kft
. . : . x 20 kft
o5k oo O 15 kft
c - - - * 10 kft
n v 20F e e LPUPRNL . A 5 kft
OqLEF : I : o
-1 L L Predictions
deg 15
. 25 kft
10 Y YA . | N R R e LRI RC IR Aol £ JEERETI EERC RN 20 kft
e | S R 15 kft
S5F-EC . ............................. —_— 10 kft
. 5 kft
O 1 1 | -

.90 .95 1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35

Mach number 000374

(c) C, (moment reference at 0.2b
6d LEF

Figure 42. Predicted and flight-determined differential LEF derivatives (pEst program analysis using
RVDT measurements).

67



pEst results
25 kft
20 kft
15 kft
10 kft
5 kft

Predictions
25 kft

.85 .90 .95 1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35
Mach number

(@cC

000375

Y
S4TEF

pEst results
25 kft
20 kft
15 kft
10 kft
5 kft

Predictions
25 kft

.85 .90 .95 1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35

Mach number
000376

(b) C|eS (vertical moment reference\&t 100).
dTEF

pEst results
25 kft
20 kft
15 kft
10 kft
5 kft

Predictions
25 kft

C ,
rlédTEF
deg™

.85 .90 .95 1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35
Mach number

000377

(©) Cna (moment reference at 0.2b

dTEF
Figure 43. Predicted and flight-determined differential TEF derivatives (pEst program analysis using
RVDT measurements).

68



pEst results
25 kft
20 kft
15 kft
10 kft
5 kft

Predictions
25 kft

Dx0OxO

1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35
Mach number

(@) CY6 )

000378

pEst results
25 kft
20 kft
15 kft
10 kft
5 kft

Predictions
25 kft

.85 .90 .95 1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35

Mach number 000379

(b) C|5 (vertical moment reference\AtL 100).
a

1.0x 1074

pEst results
25 kft
20 kft
15 kft
10 kft
5 kft

Predictions

25 kft
1 20 kft

Dx0OxO0

.85 .90 .95 1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35

Mach number 000380

(© Cn(}3 (moment reference at 0.2b
a

Figure 44. Predicted and flight-determined aileron derivatives (pEst program analysis using RVDT
measurements).

69



pEst results
25 kft
20 kft
15 kft
10 kft
5 kft

- Predictions
. ..... Tee e 3 B _‘ ..... ..... 2 5 kft

Dx0OxO

.85 .90 .95 1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35

Mach number 000381

pEst results
25 kft
20 kft
15 kft
10 kft
5 kft

Predictions
25 kft

1.2

1.0

Dx0OxO

O
g
=

o

.85 .90 .95 1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35

Mach number 000382

(b) C,é (vertical moment reference\at 100).
dh

pEst results
25 kft
20 kft
15 kft
10 kft
5 kft

Predictions
25 kft

0k . . L . L j....f....j..:x:;;-c....——— 10 kft

sl i i i i i i i -

.85 .90 .95 1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35
Mach number

deg™

000383

(c) C”a (moment reference at 0.2b
dh

Figure 45. Predicted and flight-determined differential stabilator derivatives (pEst program analysis using
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APPENDIX A

LONGITUDINAL MANEUVER TIME HISTORIES

Figures A-1-A-20 show time histories of longitudinal doublet sequences. A typical time history is
shown for each of the 20 flight test conditions. This appendix shows actual aircraft responses to the four
longitudinal single-surface inputs (SSIs) and qualitatively shows how well the parameter estimation
program, pEst (ref. 1), was able to match the actual response time histories. Aircraft response parameters
include angle of attack, pitch rate, pitch attitude, and normal acceleration. The solid line is the response
parameter measured from flight data. The dashed line is the pEst program—estimated response ai
convergence obtained by integrating the equations of motion using the pEst program estimates of the
stability and control derivatives.

Only selected windows of data were used in the pEst program analysis. Some of the data between
subsequent SSI inputs were removed from the pEst program analysis to minimize integration drift. The
data removed were from times when the aircraft was no longer responding to the previous SSI input. The
time history points not used in the integration are indicated by the step discontinuities in the dashed line.

The control-surface positions measured by the control-surface position transducers are also plotted.
For the longitudinal sequences, the SSIs were done in the following order: symmetric leading-edge flap,
symmetric trailing-edge flap, symmetric aileron, and elevator (stabilator). A 5-sec delay was built in
between each SSI.
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APPENDIX B

LATERAL-DIRECTIONAL MANEUVER TIME HISTORIES

Figures B-1-B-20 show time histories of lateral-directional doublet sequences. A typical time history
is shown for each of the 20 flight test conditions. This appendix shows actual aircraft responses to the
five lateral-directional single-surface inputs (SSls) and qualitatively shows how well the parameter
estimation program, pEst (ref. 1), was able to match the actual response time histories. Aircraft response
parameters include angle of sideslip, roll rate, yaw rate, bank angle, and lateral acceleration. The solid
line is the response parameter measured from flight data. The dashed line is the pEst program—estimate
response at convergence obtained by integrating the equations of motion using the pEst program
estimates of the stability and control derivatives. Note that in figure B-5, no measured angle of sideslip
exists. In this case, the flush airdata sensing angle-of-sideslip measurement was not available; therefore
the angle-of-sideslip response parameter was weighted low in the pEst program.

Only selected windows of data were used in the pEst program analysis. Some of the data between
subsequent SSI inputs were removed from the pEst program analysis to minimize integration drift. The
data removed were from times when the aircraft was no longer responding to the previous SSI input. The
time history points not used in the integration are indicated by the step discontinuities in the dashed line.

The control-surface positions measured by the control-surface position transducers are also plotted.
For the lateral-directional sequences, the SSIs were done in the following order: rudder, differential
leading-edge flap, differential trailing-edge flap, aileron, and differential stabilator. A 5-sec delay was
built in between each SSI.
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Figure B-4. Large doublet sequence (Mach 0.9 at 15,000 ft).
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Figure B-7. Large doublet sequence (Mach 0.95 at 15,000 ft).
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Figure B-10. Large doublet sequence (Mach 1.1 at 25,000 ft).
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Figure B-12. Medium doublet sequence (Mach 1.1 at 15,000 ft).
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Figure B-15. Medium doublet sequence (Mach 1.2 at 20,000 ft).
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Figure B-16. Small doublet sequence (Mach 1.2 at 15,000 ft).
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Figure B-18. Medium doublet sequence (Mach 1.3 at 25,000 ft).
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Figure B-19. Small doublet sequence (Mach 1.3 at 20,000 ft).
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APPENDIX C

STABILITY AND CONTROL DERIVATIVE INCREMENTS
OBTAINED FROM PARAMETER IDENTIFICATION ANALYSIS USING
CONTROL-SURFACE POSITION TRANSDUCER MEASUREMENTS

Tables C-1-C-5 show tabulated stability and control derivative increments as defined in
equations (26)—(30). These increments were obtained from the parameter estimation program, pEst
(ref. 1), analysis that used the control-surface position transducer (CPT) measurements. Increments are
defined by subtracting the simulation-predicted derivative from the flight-determined derivative and
averaging the results from multiple maneuvers at each flight condition. The increments are separated into
Mach number and altitude breakpoints. In some cases at Mach 1.05 and Mach 1.15, fight data were
nonexistent, and interpolation or “hold last value” were used to complete the tables.
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Table C-1. Normal-force coefficient derivative increments as a function of Mach number
and altitude (pEst program analysis with CPT surface positions).

Derivative Altitude, Mach number
increment kft 0.85 0.90 0.95 1.05 1.10 1.15 1.20 1.30
ACN 5 0.06979 0.10511 0.11234
b 10 0.05551 0.10475 0.11663 0.04612 0.05003 0.08459 0.11127
15 0.06213 0.09266 0.09976 0.03911 0.04582 0.07782 0.10983 0.12842
20 0.04476 0.05243 0.14339 0.09625 0.12896
25 0.04476 0.04255 0.10496 0.08776 0.09853
ACN 5 —-0.02561 -0.00946 -0.01352
a 10 -0.01667 -0.01694 -0.01819 -0.01027 -0.01382 -0.01688 -0.02451
15 -0.01614 -0.02590 -0.02641 -0.00823 -0.01305 -0.01867 —0.02429 -0.01023
20 -0.01622 -0.01915 -0.02130 -0.01651 -0.01248
25 -0.01622 -0.01640 -0.02592 -0.02085 -0.00373
ACN 5 1.44609 -0.88377 —9.66942
q 10 —3.56552 9.97219 -15.63990 -6.73941 -2.85784 -1.82020 3.82213
15 -17.78343 -0.63701 -5.46427 -5.36077 0.15169 2.53439 491708 -10.73700
20 -2.89814 3.46065 —4.72085 9.26574  —4.92922
25 -2.89814 -0.87555 —-1.10987 4.99502 5.22792
ACN 5 —0.01505 0.00100 -0.00655
S EF 10 —-0.00764 0.00122 -0.00390 -0.00662 -0.00519 -0.00148 -0.00526
15 —0.00536 -0.00376 —-0.00285 -0.00242 -0.00365 -0.00266 -0.00167 -0.00321
20 —-0.00178 -0.00259 -0.00091 0.00127 -0.00149
25 -0.00178 -0.00099 0.00048 0.00055 0.00232
ACN 5 -0.01020 -0.01002 -0.01697
6TEF 10 —-0.00604 -0.00962 -0.01594 -0.01186 -0.01156 -0.00980 -0.01177
15 -0.01090 -0.00866 —0.01222 -0.01038 -0.00789 -0.00902 -0.01015 -0.01156
20 —0.00953 -0.00833 -0.00942 -0.00839 -0.00965
25 —-0.00953 -0.00756 -0.00974 -0.00845 -0.00916
ACN 5 0.00221 -0.00118 0.00045
34 10 0.00243 -0.00128 0.00016 —-0.00028 0.00000 0.00016 0.00143
15 —-0.00094 -0.00237 0.00084 -0.00061 0.00028 0.00049 0.00070 0.00169
20 -0.00111 -0.00104 -0.00009 0.00078 0.00047
25 -0.00111 -0.00115 0.00060 -0.00029 0.00023
ACN 5 —0.00091 0.00391 0.00297
¢ 10 —-0.00239 0.00767 -0.00033 -0.00213 0.00221 0.00146 0.00128
15 0.00248 0.00840 0.00181 -0.00200 0.00102 0.00143 0.00185 -0.00173
20 —-0.00063 -0.00100 -0.00451 0.00460 0.00154
25 —0.00063 -0.00032 -0.00161 0.00101 0.00263
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Table C-2. Pitching-moment coefficient derivative increments as a function of Mach number
and altitude (pEst program analysis with CPT surface positions).

Derivative Altitude, Mach number
increment kft 0.85 0.90 0.95 1.05 1.10 1.15 1.20 1.30
ACm 5 —-0.02569 -0.02804 -0.02636
b 10 -0.02702 -0.03087 -0.03054 -0.03110 -0.03501 -0.04122 -0.04251
15 —0.02291 -0.03043 -0.02895 -0.03334 -0.03816 -0.04185 -0.04554 -0.05075
20 —0.02895 -0.03558 -0.03928 -0.03554 -0.04253 -0.04872
25 -0.02895 -0.03558 -0.03941 -0.03684 -0.04000 -0.04767
ACm 5 0.01002 0.00897 0.00736
a 10 0.01013 0.01078 0.01016 0.01054 0.00571 0.00577 0.00559
15 0.01062 0.01112 0.01163 0.00921 0.00696 0.00577 0.00458 0.00389
20 0.00902 0.00830 0.00397 0.00424 0.00449
25 0.00902 0.00977 0.00595 0.00401 0.00383
ACm 5 —-2.54772 -4.26513 —6.46124
q 10 -2.63694 —-3.83941 -7.90439 4.12364 4.40901 3.45007 2.74548
15 -5.69810 —-3.29697 -6.54682 4.01878 3.67101 2.64762 1.62424 1.65979
20 4.42074 2.91068 -6.14382 0.42716 -0.48362
25 4.42074 2.36339 —-2.78240 0.10917 -0.09082
ACm 5 0.00053 0.00005 -0.00006
3 EF 10 0.00020 0.00043 -0.00046 0.00250 0.00292 0.00517 0.00587
15 0.00024 0.00085 -0.00030 0.00172 0.00407 0.00454 0.00500 0.00634
20 0.00172 0.00267 0.00484 0.00432 0.00523
25 0.00172 0.00195 0.00317 0.00431 0.00483
ACm 5 —-0.00019 -0.00016 0.00094
6TEF 10 —0.00023 -0.00021 0.00091 0.00119 0.00155 0.00119 0.00112
15 —0.00049 -0.00061 0.00016 0.00102 0.00075 0.00082 0.00088 0.00104
20 0.00073 0.00053 0.00043 0.00021 0.00031
25 0.00073 0.00051 -0.00006 -0.00014 -0.00020
ACm 5 —-0.00260 -0.00271 -0.00267
3 a 10 -0.00244 -0.00212 -0.00242 -0.00135 -0.00133 -0.00130 -0.00179
15 -0.00229 -0.00176 -0.00212 -0.00110 -0.00109 -0.00117 -0.00125 -0.00227
20 —-0.00080 -0.00054 -0.00072 -0.00087 —0.00137
25 —0.00080 -0.00060 -0.00082 —0.00030 -0.00062
ACm 5 0.00144 0.00083 -0.00083
3¢ 10 0.00148 0.00236 -0.00054 0.00262 0.00120 0.00091 0.00139
15 0.00073 0.00267 0.00170 0.00231 0.00224 0.00169 0.00114 0.00082
20 0.00276 0.00298 0.00244 0.00122 0.00093
25 0.00276 0.00296 0.00180 0.00083 0.00078
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Table C-3. Side-force coefficient derivative as a function of Mach number
and altitude (pEst program analysis with CPT surface positions).

Derivative Altitude, Mach number
increment kft 0.85 0.90 0.95 1.05 1.10 1.15 1.20 1.30
ACY 5 0.00173 0.00062 0.00293
b 10 0.00103 0.00143 0.00141 0.00058 0.00175 0.00301 0.00427
15 0.00158 0.00096 0.00178 0.00074 0.00022 0.00084 0.00146 0.00126
20 0.00074 0.00058 0.00049 0.00104 0.00228
25 0.00074 0.00017 0.00140 0.00113 —-0.00096
ACY 5 0.00335 0.00242 0.00156
B 10 0.00310 0.00196 0.00201 0.00245 0.00480 0.00410 0.00340
15 0.00288 0.00241 0.00215 0.00295 0.00402 0.00357 0.00312 0.00293
20 0.00295 0.00501 0.00362 0.00274 0.00318
25 0.00295 0.00471 0.00373 0.00285 0.00339
ACY 5 0.06451 0.27906 0.00729
p 10 0.10673 0.07833 0.15440 0.06123 -0.01400 -0.00799 -0.00197
15 0.11420 0.19665 0.05983 0.12477 0.14625 0.08136 0.01648 -0.21429
20 0.12477 0.21426 0.14234 -0.06754 —0.16882
25 0.12477 0.14287 -0.01868 0.06878 —0.08240
ACY 5 1.59471 1.89223 1.47315
r 10 1.08063 1.53549 1.44936 1.98186 1.47642 2.07620 2.67598
15 1.05871 1.62551 1.08966 1.16967 1.52738 1.24590 0.96441 2.17252
20 1.16967 1.20035 1.63484 1.17422 1.75038
25 1.16967 1.69706 1.13978 1.24084 1.56621
ACY 5 0.00054 0.00028 —0.00046
3, 10 0.00032 0.00046 —-0.00023 -0.00125 -0.00108 -0.00110 -0.00112
15 0.00032 0.00062 0.00003 -0.00122 -0.00131 -0.00122 -0.00112 -0.00102
20 -0.00122 -0.00103 -0.00135 -0.00123 -0.00089
25 -0.00122 -0.00088 —-0.00109 -0.00123 -0.00091
ACY 5 -0.00018 -0.00019 -0.00020
S4LEF 10 —0.00009 -0.00011 -0.00034 -0.00030 -0.00030 -0.00031 -0.00032
15 —0.00003 -0.00024 -0.00023 —-0.00029 -0.00052 -0.00038 -0.00024 0.00016
20 -0.00029 -0.00052 —-0.00032 —0.00023 0.00021
25 -0.00029 -0.00038 —-0.00024 -0.00031 -0.00014
ACY 5 -0.00068 -0.00041 —0.00037
S4TEE 10 -0.00043 -0.00037 -0.00021 -0.00086 -0.00105 -0.00143 -0.00181
15 —-0.00039 -0.00052 -0.00008 -0.00063 -0.00071 -0.00088 -0.00105 —0.00136
20 —0.00063 —-0.00059 —0.00090 -0.00093 -0.00103
25 —0.00063 —-0.00058 —0.00066 —0.00073 -0.00079
ACY 5 0.00000 0.00014 0.00021
3, 10 —0.00002 0.00002 0.00021 0.00006 0.00008 0.00024 0.00040
15 0.00008 —0.00011 0.00033 0.00011 0.00009 0.00013 0.00017 0.00030
20 0.00011 0.00011 0.00024 0.00024 0.00026
25 0.00011 0.00026 0.00026 0.00032 0.00030
ACY 5 0.00062 0.00013 0.00057
34h 10 0.00051 0.00038 0.00049 0.00073 0.00080 0.00092 0.00103
15 0.00067 0.00020 0.00056 0.00053 0.00039 0.00056 0.00073 0.00124
20 0.00053 0.00035 0.00061 0.00082 0.00115
25 0.00053 0.00040 0.00071 0.00078 0.00090
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Table C-4. Rolling-moment coefficient derivative increments as a function of Mach number
and altitude (pEst program analysis with CPT surface positions).

Derivative Altitude, Mach number
increment kft 0.85 0.90 0.95 1.05 1.10 1.15 1.20 1.30
ACI 5 0.00255 0.00284 0.00240
b 10 0.00227 0.00289 0.00264 0.00181 0.00168 0.00166 0.00165
15 0.00204 0.00254 0.00244 0.00175 0.00143 0.00142 0.00141 0.00138
20 0.00175 0.00153 0.00123 0.00143 0.00138
25 0.00175 0.00142 0.00150 0.00129 0.00104
ACI 5 -0.00071 -0.00083 —0.00017
B 10 -0.00051 -0.00091 0.00001 -0.00054 -0.00073 -0.00071 -0.00068
15 —-0.00048 -0.00072 0.00003 —-0.00037 -0.00033 -0.00039 -0.00046 -0.00037
20 -0.00037 -0.00026 —0.00037 -0.00032 -0.00026
25 -0.00037 -0.00022 -0.00018 -0.00006 -0.00009
ACI 5 0.06601 —0.02057 0.00743
p 10 0.10004 —-0.05228 0.03795 0.11243 0.10277 0.08755 0.07232
15 0.08280 0.00995 0.03442 0.07916 0.13382 0.10325 0.07268 0.03075
20 0.07916 0.09547 0.09121 0.04021 0.02686
25 0.07916 0.04632 0.05471 0.06143 0.02816
AC| 5 0.12767 0.11411 0.14699
r 10 -0.00724 0.02933 0.03625 0.15072 0.08140 0.17372 0.26603
15 -0.16914 -0.06754 0.13239 0.10671 0.13990 0.08385 0.02779 0.10871
20 0.10671 0.11046 0.07153 0.01493 0.06237
25 0.10671 0.24774 0.02164 0.02590 0.14876
ACI 5 0.00001 -0.00012 -0.00014
5, 10 —0.00003 0.00000 -0.00017 -0.00027 -0.00019 -0.00019 -0.00019
15 -0.00004 -0.00006 —0.00011 -0.00026 -0.00030 -0.00024 -0.00017 -—0.00013
20 —0.00026 -0.00024 -0.00024 -0.00018 -0.00014
25 -0.00026 -0.00017 —-0.00021 -0.00018 -0.00016
ACl 5 0.00022 —-0.00080 —0.00149
S4LEF 10 0.00016 —0.00044 -0.00088 -0.00141 -0.00144 -0.00150 -0.00156
15 0.00019 -0.00007 -0.00031 -0.00079 -0.00084 -0.00096 -0.00108 -—0.00109
20 -0.00079 -0.00021 —-0.00042 -0.00044 -0.00058
25 —-0.00079 0.00031 0.00013 -0.00001 -0.00016
ACl 5 0.00012 0.00007 0.00000
S4TEF 10 0.00008 0.00017 0.00004 -0.00010 -0.00014 -0.00014 -0.00014
15 0.00003 0.00003 0.00003 -0.00012 -0.00010 -0.00009 -0.00007 -0.00003
20 -0.00012 -0.00010 —0.00009 -0.00007 -0.00003
25 -0.00012 -0.00010 —0.00004 0.00000 -0.00001
ACI 5 0.00029 0.00019 0.00013
3, 10 0.00027 0.00015 0.00013 0.00011 0.00010 0.00018 0.00025
15 0.00018 0.00016 0.00015 0.00002 0.00001 0.00008 0.00016 0.00021
20 0.00002 -0.00007 0.00004 0.00008 0.00011
25 0.00002 —-0.00009 —0.00002 0.00002 0.00002
AC| 5 0.00011 0.00013 0.00012
34 10 0.00004 0.00018 0.00004 0.00002 0.00002 0.00007 0.00013
15 0.00006 0.00001 0.00003 0.00002 —-0.00007 —0.00002 0.00002 0.00005
20 0.00002 -0.00002 -0.00007 -0.00001 -0.00001
25 0.00002 0.00000 -0.00004 -0.00009 -0.00007
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Table C-5. Yawing-moment coefficient derivative increments as a function of Mach number
and altitude (pEst program analysis with CPT surface positions).

Derivative Altitude, Mach number
increment kft 0.85 0.90 0.95 1.05 1.10 1.15 1.20 1.30
ACn 5 —0.00093 -0.00092 —0.00092
b 10 -0.00072 -0.00081 -0.00079 -0.00063 -0.00103 -0.00113 -0.00124
15 -0.00072 -0.00077 -0.00090 -0.00061 -0.00074 -0.00089 -0.00104 —0.00096
20 —0.00061 -0.00078 —0.00098 —0.00095 -0.00092
25 —-0.00061 -0.00073 —0.00104 -0.00096 -0.00065
Acn 5 —0.00055 -0.00052 —0.00022
B 10 —0.00058 -0.00061 —0.00029 —-0.00009 -0.00080 -0.00078 -0.00076
15 -0.00061 -0.00063 —0.00036 —0.00019 -0.00053 -0.00060 -0.00067 —0.00045
20 -0.00019 -0.00071 —-0.00088 —0.00069 -0.00048
25 -0.00019 -0.00076 —0.00086 —0.00073 -0.00053
ACn 5 0.03857 0.02943 0.02655
p 10 0.02005 0.00187 0.03523 0.02757 0.04900 0.04749 0.04598
15 0.01695 —0.00060 0.03056 0.01556 0.02198 0.03568 0.04938 0.02957
20 0.01556 0.03388 0.04157 0.04543 0.03165
25 0.01556 0.03649 0.05389 0.05040 0.01259
ACn 5 -0.11558 -0.15808 —0.09831
r 10 -0.10645 -0.16395 -0.18070 -0.13104 -0.12559 -0.15489 -0.18419
15 -0.17609 -0.26857 -0.11925 -0.07472 -0.06409 -0.08337 -0.10265 —-0.19113
20 -0.07472 -0.09351 -0.11078 -0.11250 -0.18217
25 -0.07472 -0.17234 -0.15027 -0.14854 -0.11559
ACn 5 —0.00001 0.00000 0.00025
3, 10 —-0.00001 -0.00001 0.00015 0.00058 0.00048 0.00036 0.00024
15 0.00003 —0.00008 0.00003 0.00058 0.00055 0.00039 0.00023 0.00017
20 0.00058 0.00049 0.00037 0.00023 0.00020
25 0.00058 0.00041 0.00030 0.00026 0.00020
Acn 5 0.00005 0.00006 0.00011
S4LEF 10 0.00005 0.00005 0.00012 0.00011 0.00013 0.00013 0.00014
15 0.00003 0.00007 0.00011 0.00011 0.00013 0.00013 0.00012 0.00008
20 0.00011 0.00012 0.00013 0.00012 0.00008
25 0.00011 0.00010 0.00010 0.00010 0.00012
ACn 5 0.00011 0.00008 0.00005
S4TEE 10 0.00012 0.00011 0.00006 0.00023 0.00026 0.00033 0.00040
15 0.00010 0.00011 0.00004 0.00019 0.00018 0.00026 0.00034 0.00036
20 0.00019 0.00018 0.00024 0.00029 0.00030
25 0.00019 0.00017 0.00022 0.00025 0.00025
ACn 5 —0.00002 -0.00004 —0.00005
3, 10 0.00003 0.00000 —0.00004 0.00001 -0.00001 —0.00003 -0.00005
15 0.00002 0.00001 —0.00005 0.00000 -0.00001 -0.00003 -—0.00005 -0.00007
20 0.00000 -0.00002 -0.00002 -0.00004 -0.00007
25 0.00000 -0.00002 —0.00001 0.00000 -0.00005
Acn 5 —0.00002 0.00001 0.00001
34h 10 0.00004 0.00006 0.00001 -0.00011 -0.00019 -0.00021 -0.00023
15 0.00005 0.00005 0.00001 -0.00009 -0.00011 -0.00017 -0.00022 -0.00026
20 —0.00009 -0.00015 -0.00020 -0.00019 -0.00023
25 —-0.00009 -0.00013 -0.00018 -0.00019 -0.00018
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APPENDIX D

STABILITY AND CONTROL DERIVATIVE INCREMENTS OBTAINED
FROM PARAMETER IDENTIFICATION ANALYSIS USING ROTARY
VARIABLE DIFFERENTIAL TRANSFORMER MEASUREMENTS

Tables D-1-D-5 show tabulated stability and control derivative increments as defined in
equations (26)—(30). These increments were obtained from the parameter estimation program, pEst
(ref. 1), analysis that used the rotary variable differential transducer (RVDT) measurements. Increments
are defined by subtracting the simulation-predicted derivative from the flight-determined derivative and
averaging the results from multiple maneuvers at each flight condition. The increments are separated into
Mach number and altitude breakpoints. In some cases at Mach 1.05 and Mach 1.15, fight data were
nonexistent, and interpolation or “hold last value” were used to complete the tables.
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Table D-1. Normal-force coefficient derivative increments as a function of Mach number
and altitude (pEst program analysis with RVDT surface positions).

Derivative Altitude, Mach number
increment kft 0.85 0.90 0.95 1.05 1.10 1.15 1.20 1.30
ACN 5 0.07809 0.10914 0.10919
b 10 0.06830 0.10718 0.11536 0.04568 0.04449 0.08381 0.11574
15 0.07070 0.09748 0.10378 0.03827 0.04401 0.07744 0.11088 0.13640
20 0.04756 0.05518 0.15042 0.09891 0.13077
25 0.04756 0.04487 0.10897 0.09163 0.10244
AC N 5 -0.00728 -0.01387 -0.00236
a 10 —-0.00858 -0.02191 -0.00885 -0.00414 -0.01226 -0.01370 -0.02097
15 —-0.01349 -0.02377 -0.01936 -0.00506 —0.00991 -0.01608 -0.02225 -0.00856
20 -0.01476 -0.01698 -0.02070 -0.01672 —-0.00916
25 -0.01476 -0.01338 -0.02561 -0.02017 -0.00391
ACN 5 451911 34.07513 —-3.07418
q 10 0.73089 52.93171 -14.75774 1.11457 3.47850 8.48389 8.33281
15 —23.01455 5.46610 0.68781 2.58764 21.08836 13.95645 6.82453 -12.85931
20 5.99556 8.52812 -4.66909 9.22458 7.61891
25 5.99556 8.24887 -0.61660 15.81876 9.91289
ACN 5 0.00166 0.02428 -0.00847
S EF 10 —-0.00325 0.00913 -0.00210 -0.01255 -0.01261 -0.00059 -0.01224
15 -0.01199 -0.00318 -0.00352 -0.00507 -0.00418 -0.00416 -0.00414 -0.00888
20 —-0.00678 -0.00632 -0.00294 -0.00116 -0.00510
25 —-0.00678 -0.00392 -0.00101 -0.00096 0.00309
AC N 5 —-0.00881 -0.00463 -0.01523
6TEF 10 —-0.00416 -0.00487 -0.01598 -0.01207 -0.01233 -0.00973 -0.01191
15 -0.01124 -0.00568 -0.01246 -0.01010 -0.00631 -0.00829 -0.01026 -0.01193
20 —-0.00913 -0.00821 -0.00936 -0.00834 -0.00958
25 —-0.00913 -0.00740 -0.00948 -0.00807 -0.00863
ACN 5 0.00350 0.00034 0.00064
34 10 0.00311 0.00112 0.00075 -0.00073 -0.00031 0.00035 0.00104
15 -0.00117 -0.00233 0.00124 -0.00122 0.00007 0.00018 0.00029 0.00150
20 —-0.00155 -0.00162 -0.00070 0.00032 0.00030
25 —-0.00155 -0.00159 -0.00011 -0.00058 0.00004
AC N 5 —0.00452 0.00992 0.00335
¢ 10 —-0.00331 0.01215 -0.00041 -0.00333 0.00364 0.00153 0.00146
15 0.00371 0.00981 -0.00399 -0.00125 0.00354 0.00242 0.00131 -0.00235
20 —-0.00226 -0.00162 -0.00548 0.00251 0.00197
25 —0.00226 —-0.00229 -0.00242 —0.00099 0.00050
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Table D-2. Pitching-moment coefficient derivative increments as a function of Mach number
and altitude (pEst program analysis with RVDT surface positions).

Derivative Altitude, Mach number
increment kft 0.85 0.90 0.95 1.05 1.10 1.15 1.20 1.30
ACm 5 —-0.02366 —0.02982 -0.02506
b 10 —-0.02554 -0.03175 -0.02787 -0.02852 —-0.03026 —0.03489 -0.03600
15 —-0.02204 -0.03159 -0.02693 -0.02836 —-0.03375 -0.03526 -0.03677 —-0.04625
20 —-0.03303 -0.03591 -0.03018 -0.03663 —0.04162
25 —0.03303 -0.03633 -0.03219 -0.03426 -0.04425
Acm 5 0.01243 0.01251 0.01023
a 10 0.01263 0.01280 0.01386 0.01222 0.00748 0.00530 0.00501
15 0.01232 0.01310 0.01366 0.00989 0.00711 0.00590 0.00470 0.00595
20 0.01140 0.01030 0.00448 0.00592 0.00354
25 0.01140 0.01122 0.00749 0.00495 0.00575
ACm 5 -3.06823 0.98749 -5.29898
q 10 -2.54572 -0.51536 -9.14333 5.20828 3.41662 1.45447 3.02996
15 -5.21019 1.10825 -9.48105 3.29556 0.08441 1.51519 2.94598 2.45931
20 0.41598 1.01649 -6.46238 -0.69409 -3.53175
25 0.41598 0.06170 —-3.94509 -3.06909 -1.67706
ACm 5 —0.00061 0.00099 -0.00343
3 EF 10 -0.00012 -0.00020 —0.00228 0.00204 0.00224 0.00529 0.00655
15 —-0.00078 0.00043 -0.00223 0.00039 0.00401 0.00442 0.00483 0.00640
20 0.00043 0.00188 0.00487 0.00432 0.00548
25 0.00043 0.00067 0.00283 0.00428 0.00434
ACm 5 -0.00101 -0.00061 0.00036
6TE = 10 —-0.00081 -0.00078 0.00035 0.00066 0.00084 0.00082 0.00079
15 —-0.00119 -0.00094 -0.00024 0.00031 -0.00022 0.00018 0.00057 0.00080
20 —-0.00015 -0.00017 -0.00005 -0.00011 -0.00007
25 —-0.00015 -0.00032 -0.00077 -0.00069 —0.00059
ACm 5 —-0.00212 -0.00160 -0.00209
O a 10 -0.00163 -0.00125 -0.00179 -0.00087 -0.00090 -0.00103 -0.00153
15 —-0.00145 -0.00070 -0.00181 -0.00067 -0.00063 —0.00079 -0.00095 -0.00202
20 —-0.00032 -0.00009 -0.00029 -0.00051 -0.00120
25 —-0.00032 -0.00011 -0.00031 0.00002 -0.00033
ACm 5 0.00448 0.00690 0.00349
R 10 0.00550 0.00821 0.00353 0.00592 0.00456 0.00333 0.00346
15 0.00563 0.00801 0.00371 0.00432 0.00503 0.00410 0.00318 0.00373
20 0.00600 0.00588 0.00438 0.00399 0.00218
25 0.00600 0.00584 0.00439 0.00366 0.00364
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Table D-3. Side-force coefficient derivative increments as a function of Mach number
and altitude (pEst program analysis with RVDT surface positions).

Derivative Altitude, Mach number
increment kft 0.85 0.90 0.95 1.05 1.10 1.15 1.20 1.30
ACY 5 0.00265 —0.00005 0.00447
b 10 0.00138 0.00132 0.00177 0.00050 0.00183 —-0.00153 —0.00489
15 0.00196 0.00069 0.00283 0.00105 0.00078 0.00123 0.00168 0.00180
20 0.00105 0.00078 0.00071 0.00201 0.00247
25 0.00105 0.00025 0.00205 0.00127 —-0.00089
ACY 5 0.00357 0.00307 0.00161
B 10 0.00369 0.00277 0.00228 0.00306 0.00503 0.00416 0.00330
15 0.00300 0.00336 0.00229 0.00343 0.00487 0.00397 0.00307 0.00289
20 0.00343 0.00578 0.00409 0.00296 0.00315
25 0.00343 0.00521 0.00433 0.00317 0.00375
ACY 5 -0.01047 0.54748 —-0.10553
p 10 0.15762 0.25652 0.25682 0.12048 0.01360 —0.01863 —0.05085
15 0.14575 0.36796 0.03738 0.19439 0.26463 0.12335 -0.01793 -0.24676
20 0.19439 0.30710 0.16524 -0.11841 -0.19469
25 0.19439 0.16126 0.05737 0.15680 —0.04527
ACY 5 2.03979 2.29597 1.90942
r 10 1.64535 2.16166 1.92500 2.06169 1.54622 2.20620 2.86617
15 0.60019 2.07808 1.45936 1.60374 1.73333 1.46482 1.19632 2.47005
20 1.60374 1.07318 1.41458 1.14416 1.70608
25 1.60374 1.39307 0.46331 0.74092 1.67241
ACY 5 —0.00006 —-0.00047 —0.00082
5, 10 -0.00026 -0.00011 —0.00093 -0.00166 —0.00146 -0.00144 -0.00142
15 -0.00026 -0.00005 —-0.00051 -0.00146 -0.00143 -0.00143 -0.00142 -0.00117
20 -0.00146 -0.00130 -0.00144 -0.00134 -0.00119
25 -0.00146 -0.00130 -0.00122 -0.00147 -0.00112
ACY 5 —-0.00015 -0.00063 —0.00025
S4LEF 10 -0.00023 -0.00031 -0.00075 —0.00079 -0.00076 -0.00064 -0.00052
15 -0.00003 -0.00051 —-0.00030 -0.00073 -0.00119 -0.00073 -0.00027 0.00007
20 -0.00073 -0.00096 —0.00083 —0.00029 0.00043
25 -0.00073 -0.00050 -—0.00049 -0.00070 -0.00034
ACY 5 —-0.00057 -0.00044 -0.00033
S4TEF 10 —-0.00048 -0.00044 -0.00019 -0.00063 -0.00092 -0.00134 -0.00177
15 —-0.00021 -0.00047 0.00000 -0.00048 -0.00051 -0.00078 -0.00104 -0.00122
20 -0.00048 -0.00036 —0.00088 —0.00082 -0.00089
25 -0.00048 -0.00034 —-0.00040 -0.00052 -0.00069
ACY 5 —0.00002 0.00003 0.00020
3, 10 -0.00014 -0.00011 0.00018 0.00004 0.00000 0.00015 0.00030
15 -0.00001 -0.00029 0.00032 0.00008 0.00004 0.00008 0.00012 0.00020
20 0.00008 0.00004 0.00021 0.00017 0.00019
25 0.00008 0.00027 0.00018 0.00026 0.00020
ACY 5 0.00076  —0.00003 0.00085
34h 10 0.00070 0.00026 0.00053 0.00070 0.00081 0.00094 0.00108
15 0.00102 0.00040 0.00070 0.00052 0.00036 0.00056 0.00077 0.00112
20 0.00052 0.00043 0.00067 0.00091 0.00108
25 0.00052 0.00053 0.00070 0.00085 0.00081
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Table D-4. Rolling-moment coefficient derivative increments as a function of Mach number
and altitude (pEst program analysis with RVDT surface positions).

Derivative Altitude, Mach number
increment kft 0.85 0.90 0.95 1.05 1.10 1.15 1.20 1.30
ACI 5 0.00281 0.00325 0.00333
b 10 0.00242 0.00310 0.00311 0.00237 0.00203 0.00150 0.00096
15 0.00194 0.00250 0.00265 0.00206 0.00175 0.00158 0.00141 0.00152
20 0.00206 0.00194 0.00136 0.00164 0.00155
25 0.00206 0.00225 0.00175 0.00144 0.00109
ACI 5 —0.00079 -0.00096 —0.00052
B 10 -0.00068 -0.00100 -0.00013 -0.00093 -0.00119 -0.00117 -0.00114
15 —0.00060 -0.00084 —0.00002 -0.00057 -0.00058 -0.00060 -0.00062 —0.00052
20 -0.00057 -0.00054 —-0.00056 —0.00059 -0.00049
25 -0.00057 -0.00066 —0.00042 -0.00024 -0.00023
ACI 5 0.04713 -0.07282 -0.14428
p 10 0.07963 -0.06273 —0.04300 0.00651 0.01161 -0.01882 —0.04925
15 0.09243 0.02729 -0.00118 0.04349 0.09590 0.06625 0.03661 —0.04897
20 0.04349 0.02379 0.03129 -0.01717 -0.02633
25 0.04349 -0.07799 -0.00805 0.03298 0.00016
AC| 5 0.29574 0.14842 0.13387
r 10 0.05536 0.11723 0.09417 0.22771 0.00858 0.15274 0.29691
15 —-0.13846 0.10623 0.21498 0.08709 0.13068 0.10934 0.08799 0.15764
20 0.08709 0.13782 0.02241 -0.00901 0.11797
25 0.08709 0.00515 -0.07076 —0.00445 0.18159
ACI 5 0.00002 -0.00016 —0.00010
5, 10 -0.00004 -0.00009 -0.00016 —0.00026 —-0.00021 -0.00020 -0.00018
15 -0.00011 -0.00011 -0.00016 —-0.00026 -0.00027 -0.00021 -0.00016 —0.00010
20 -0.00026 -0.00024 -0.00017 -0.00017 -0.00013
25 —-0.00026 —-0.00008 —-0.00019 -0.00017 -0.00014
AC | 5 0.00032 -0.00051 —0.00082
S4LEF 10 0.00029 -0.00029 -0.00047 -0.00060 -0.00054 -0.00069 —0.00083
15 0.00027 0.00000 -0.00010 -0.00034 -0.00044 -0.00062 —0.00080 —0.00038
20 —-0.00034 0.00018 0.00000 -0.00002 -0.00021
25 —-0.00034 0.00071 0.00043 0.00021 0.00010
ACl 5 0.00004 0.00004 —0.00003
S4TEF 10 0.00005 0.00013 0.00003 -0.00012 -0.00013 -0.00016 -0.00018
15 —0.00003 -0.00007 0.00002 -0.00010 -0.00009 -0.00008 -0.00007 -0.00007
20 -0.00010 -0.00007 —0.00009 -0.00006 -0.00003
25 -0.00010 -0.00004 —0.00001 0.00002 0.00000
ACI 5 0.00018 0.00010 0.00012
3, 10 0.00018 0.00007 0.00010 0.00008 0.00006 0.00014 0.00023
15 0.00007 0.00004 0.00010 -0.00003 —-0.00003 0.00005 0.00013 0.00011
20 —-0.00003 -0.00011 0.00000 0.00005 0.00008
25 —0.00003 -0.00009 —-0.00006 —0.00002 -0.00002
AC| 5 —0.00001 0.00005 0.00015
34h 10 —0.00004 0.00008 0.00002 —-0.00005 —0.00008 0.00001 0.00009
15 -0.00004 -0.00011 -0.00005 -0.00013 -0.00018 -0.00015 -0.00013 -—0.00008
20 -0.00013 -0.00010 -0.00017 -0.00010 -0.00009
25 —0.00013 0.00009 -0.00011 -0.00019 -0.00018
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Table D-5. Yawing-moment coefficient derivative increments as a function of Mach number
and altitude (pEst program analysis with RVDT surface positions).

Derivative Altitude, Mach number
increment kft 0.85 0.90 0.95 1.05 1.10 1.15 1.20 1.30
ACn 5 -0.00107 -0.00112 —-0.00106
b 10 -0.00079 -0.00094 -0.00085 —-0.00058 -0.00109 -0.00090 -0.00071
15 -0.00082 -0.00081 —-0.00104 -0.00067 -0.00079 -0.00096 -0.00113 —-0.00109
20 —-0.00067 -0.00074 —-0.00099 -0.00109 -0.00099
25 —0.00067 -0.00055 —0.00103 -—0.00089 -0.00066
Acn 5 —0.00057 -0.00054 —0.00026
B 10 —0.00065 -0.00064 —0.00032 —-0.00024 -0.00087 -0.00081 -0.00076
15 -0.00064 -0.00079 —-0.00037 -0.00026 -0.00065 -0.00066 —0.00068 —0.00048
20 -0.00026 —-0.00083 —0.00093 -0.00073 -0.00048
25 -0.00026 -0.00097 -0.00097 -0.00079 -0.00056
ACn 5 0.03266 0.02126 0.00569
p 10 0.00872 -0.00292 0.01324 0.00747 0.04265 0.04765 0.05264
15 0.01713 -0.01846 0.01258 0.00839 0.00685 0.02623 0.04561 0.03788
20 0.00839 0.01497 0.03027 0.04652 0.03668
25 0.00839 0.00346 0.03422 0.03814 0.00903
ACn 5 -0.14721 -0.20850 -0.17061
r 10 -0.16353 -0.21550 -0.22506 —0.14360 -0.16997 -0.19693 -0.22389
15 —-0.19311 -0.40989 —-0.20990 -0.11683 -0.11609 -0.14923 -0.18237 -0.25447
20 -0.11683 -0.12992 -0.21220 -0.19752 -0.24631
25 -0.11683 -0.22664 —0.22742 —-0.22180 -0.20911
ACn 5 0.00025 0.00022 0.00043
3, 10 0.00024 0.00020 0.00042 0.00072 0.00060 0.00046 0.00032
15 0.00026 0.00018 0.00027 0.00070 0.00067 0.00050 0.00033 0.00027
20 0.00070 0.00065 0.00050 0.00032 0.00029
25 0.00070 0.00059 0.00044 0.00039 0.00031
Acn 5 0.00007 0.00009 0.00024
S4LEF 10 0.00008 0.00007 0.00021 0.00025 0.00022 0.00020 0.00017
15 0.00004 0.00010 0.00018 0.00020 0.00024 0.00020 0.00017 0.00008
20 0.00020 0.00020 0.00021 0.00017 0.00007
25 0.00020 0.00017 0.00016 0.00015 0.00015
ACn 5 0.00009 0.00006 0.00003
S4TEE 10 0.00010 0.00010 0.00005 0.00017 0.00022 0.00029 0.00037
15 0.00007 0.00008 0.00004 0.00015 0.00014 0.00023 0.00031 0.00029
20 0.00015 0.00013 0.00020 0.00025 0.00026
25 0.00015 0.00012 0.00017 0.00019 0.00021
ACn 5 —0.00002 -0.00004 —0.00005
3, 10 0.00003 -0.00001 —0.00003 0.00000 -0.00001 -0.00002 -0.00004
15 0.00000 0.00001 —-0.00005 —0.00001 0.00000 -0.00002 -0.00004 -0.00006
20 -0.00001 -0.00001 —0.00002 —0.00003 -0.00006
25 —0.00001 -0.00001 0.00000 0.00001 -0.00004
Acn 5 —-0.00004 -0.00001 0.00000
34h 10 0.00001 0.00003 0.00000 -0.00009 -0.00018 -0.00020 -0.00022
15 —0.00001 0.00002 0.00000 -0.00010 -0.00011 -0.00015 -0.00019 -0.00024
20 —-0.00010 -0.00014 -0.00019 -0.00018 -0.00022
25 —-0.00010 -0.00008 -0.00015 -0.00017 -0.00017
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